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Sulfur removal from transportation fuels is essential for maintaining a pollutant-free
environment and ensuring a healthy life. Adsorptive desulfurization using zeolites is an attractive
desulfurization method, because of its low energy and cost requirements compared with
conventional hydrodesulfurization. However, diffusion limitations within the micropores of
zeolites can reduce their adsorption capacity, especially when refractory sulfur compounds are
present. Moreover, the coexistence of aromatics in fuels exacerbates selective adsorption of sulfur.
These challenges may be alleviated through careful physical and chemical modification, without
compromising important structural properties of the zeolite. The introduction of mesoporosity via
the surfactant-assisted method creates well-ordered mesopores that allow refractory sulfur
compounds to access the internal adsorption sites, thus overcoming diffusion limitations. The
incorporation of Cerium (Ce) and/or Copper (Cu) via ion-exchange enhances the binding strength
of the metal-adsorbate interaction through multiple adsorption configurations. Using a fixed-bed
adsorption column, the resulting ion-exchanged mesoporous Y zeolites were tested for their sulfur
adsorption capabilities.
Breakthrough curves show that mesoporosity increases the sulfur capacity by allowing
refractory sulfur compounds to access internal adsorption sites. Metals significantly increase the
selectivity towards sulfur compounds. The adsorption mechanisms of sulfur compounds were

Kevin Xin De Lee – University of Connecticut, 2020
further studied, at the molecular level, using in-situ Diffuse Reflectance Infrared Fourier
Transform Spectra (DRIFTS). From DRIFTS studies, it was shown that the metals display high
affinity for sulfur, via either π-complexation or direct σ-bond interaction. A reduction in capacity
was realized when aromatics were added to the model fuel. Further efforts were made to investigate
the role of metal composition and configuration on the selective adsorption of sulfur. It was
demonstrated that 2%Cu10%CeSAY exhibits the highest adsorption capacity in the presence of
aromatics. Similar adsorption capacities were obtained after two regeneration cycles. To
fundamentally understand the adsorption mechanism from a theoretical perspective, density
functional theory (DFT) calculations were performed using a two-layer ONIOM cluster.
Subsequently, natural bond orbital (NBO) analysis was used to demonstrate the energetic
importance between molecular orbitals and further identify correlations between electron transfer
patterns and adsorption enthalpies. Finally, these DFT and NBO results were used to explain
adsorption behavior from experimental results.
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Chapter 1
INTRODUCTION
1.1

Rising Demand for Fossil-Fuel Energy
The demand for clean energy continues to rise with the increased use of fossil fuels. In

2018, the energy consumption in the United States saw a record high of approximately 101
quadrillion British thermal units. Petroleum, being the largest source of energy since 1950,
accounts for about 37% of the energy supplied.1 Figure 1.1 shows that the consumption of fossilbased fuels, especially petroleum and natural gas, has increased by more than 60% since 1950,
attributing to growing demands in transportation and electrical power, respectively. Meanwhile,
the consumption of renewable energy such as wind, solar, geothermal and biomass has increased
tremendously especially since the early 2000s, during which a collective effort has been instigated
to rectify toxic pollutions from fossil fuel combustion. Despite the promising growth in renewable
energy and the societal mission to make it the energy of the future, there is still a huge disparity in
energy density as well as transportation, storage and implementation feasibilities, when compared
with fossil energy. Furthermore, renewables cannot compete with fossil fuels in filling the rising
demand in energy. 80% of the world energy consumption still relies on fossil fuels as an energy
source and will continue to do so for the next decade, especially with the discovery of new oil
wells and further advancement of drilling technologies.2
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Figure 1.1: Comparison of energy consumption by primary source and sector in 1950 and 2018.1

As shown in Figure 1.1, the transportation sector is the largest end-use consuming sector in
the United States, with petroleum being the main source of energy (70% of total petroleum
consumed in 2018). While renewable energy and electrical power have been introduced in
vehicles, fossil fuels are still considered the main source of energy for today and the unforeseeable
future. The increasing demand in fossil-based fuels in the transportation sector, however, quickly
became a global concern as toxic emissions are being released into the atmosphere. Higher driver
population and cheaper car fuels following the outburst of oil discovery, and thus cheaper fuel
prices, have driven car sales upward from 2012 to 2016, as indicated in Figure 1.2. Although
vehicle industries were experiencing slower sales and higher gas prices 2017, the expansion of
other fossil-fuel consuming sectors led to continuous increase in toxic emissions, which
consequently threatens the environment and human lives.
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Figure 1.2: The effect of oil prices on total vehicle sales and carbon dioxide emission.

1.2

Origin and Property of Sulfur in Transportation Fuels
The release of toxic gases such as sulfur oxides (SOx) is inevitable as fossil fuels contain

naturally occurring sulfur. Figure 1.3 shows a simple schematic of a petroleum refinery plant
showing distillation of crude oil to the production of final oil products. Freshly-drilled crude oil
contains up to 4 wt% sulfur before being distilled and processed at the refinery to produce high
quality transportation fuel products such as gasoline, jet fuel and diesel, according to the carbon
number and boiling range. Once the crude has been separated into appropriate oil fraction, it is
directed to hydrotreatment and fluid-catalytic cracking (FCC) steps. Valla et al. has worked on the
removal of sulfur in-situ the FCC in the refinery using novel catalysts.3,4 After hydrotreatment and
processing, a typical gasoline fraction contains about 10-1,000 ppm of sulfur, whereas jet fuel and
diesel contain up to 3,000 ppm and 10,000 ppm of sulfur, respectively. These levels of sulfur are
unacceptably high and must be subjected to deep desulfurization before commercial use.
3

Figure 1.3: Schematic flow chart of a typical petroleum refinery before HDS.

As previously mentioned, residual sulfur molecules, ranging from sulfides to alkylateddibenzothiophenes, are distributed among various distillate fuel fractions based on their boiling
point, as depicted in Figure 1.5. For natural gas range sulfur compounds such as thiols, sulfides
and mercaptans, the hydrodesulfurization (HDS) reaction occurs via direct hydrogenolysis due to
the absence of aromatic rings, resulting in easy C-S bond scission and rapid production of H2S. In
fact, HDS is the most conventional method of removing sulfur from fuels.5,6 The next lightest
hydrocarbon fuel is gasoline, in which the main sulfur compounds are thiophene (TP) with a kinetic
diameter of about 5.3 Å and alkyl-TP which are slightly larger. Due to their relatively small size,
gasoline-range sulfur compounds can be effectively removed via HDS. Jet fuels primarily consist
of benzothiophenes (BT) with a kinetic diameter of 6 Å and alkyl-BT with a slightly larger
diameter. The heaviest hydrocarbon fuel is diesel, which contains not only dibenzothiophenes, but
also alkylated-dibenzothiophenes having kinetic diameters of at least 9Å. Contrary to the HDS of
sulfur compounds in the natural gas range, the HDS of aromatic sulfur compounds can occur via
two pathways, namely hydrogenation (via π-electrons) or hydrogenolysis (via σ-bond).7
Nonetheless, the reactivity of TP is significantly lower than that of sulfides and mercaptans. In
4

perspective, the difference in reactivity between the two ranges is in the orders of magnitude, as
the reactivity of thiophenes highly depends on the number of rings.8 This means that sulfur
compounds with one or more 6-membered aromatic rings in the heavier fractions of oil would
exhibit significantly lower HDS reactivity, as shown in Fig. 1.4(a). As expected, refractory sulfur
compounds, such as alkyl-DBT, are the hardest to remove using HDS due to low reactivity and
high steric hindrance. Fig. 1.4(b) shows the relative HDS rate of various refractory sulfur
compounds as a function of size and boiling point, the data of which were obtained from Ho et al.9
Despite having a lower boiling point, the pseudo-first-order rate constant for HDS of 4methyldibenzothiophene

(4-MDBT)

is

orders

of

magnitude

lower

compared

with

dibenzothiophene (DBT). This suggests that the main bottleneck in ultra-deep HDS of heavy oil
is the presence of alkyl substituents on dibenzothiophenes, causing a significant decrease in
reactivity. As a result, substantially high amounts of catalysts, in addition to intensive operating
conditions, are required to meet federal specifications, which lead to high cost. In summary, the
level of difficulty in removing these sulfur compounds, at least by conventional hydrotreatment,
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Figure 1.4: (a) The effect of number of rings in thiophenic compounds on the pseudo-first order
rate constant of a batch reaction in n-hexadecane solvent at 300 °C and 71 bar over conventional
CoMo/Al2O2.8 (b) The effect of alkyl group(s) on the reactivity of HDS catalyzed by sulfide
CoMo/Al2O2 at 300 °C and 102 atm.
5

Figure 1.5: Reactivity of sulfur compounds with varying sizes commonly found in fossil-based
fuels versus the difficulty in removing them via HDS.

1.3

Detrimental Effect of Sulfur and Its Ramifications
Sulfur emission remains one of the major sources of environmental pollution. During

combustion of these transportation fuels, sulfur compounds are converted to SOx, one of the main
precursors of acid rain. Premature deaths, asthma attacks and acid rain are just some consequences
that will occur if toxic emissions from fossil fuels are not controlled.10 As depicted in Figure 1.2,
fossil-based fuels will continue to dominate the transportation and other aforementioned sectors at
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least for another decade, and hence, the unceasing increase in toxic pollutants in the atmosphere.
In addition to human-related and environmental issues, the presence of sulfur in refinery systems
can poison or deactivate the catalysts and lead to corrosion in refinery equipment.11 Moreover,
studies have shown that fuels that are directed for fuel cell applications should have ultra-low
sulfur concentration. This is because fossil-based fuels such as liquid hydrocarbons and natural
gas are currently the most important hydrogen sources for fuel cell stacks. In fact, natural gas
accounts for 48% of total hydrogen produced worldwide, hence being the largest contributor of
hydrogen production.12 Despite the high volumetric density of these energy sources, the biggest
drawback is the poisoning fuel cell electrodes if the sulfur levels are not administered carefully.
Specifically, sulfur levels as low as 1 ppmw could poison the electrode catalysts in a Proton
Exchange Membrane Fuel Cell (PEMFC) and solid oxide fuel cell (SOFC), causing failure in the
corresponding systems.13,14 In addition, sulfur impurities can distort the performance of fuelprocessor catalysts by strongly adsorbing on the Pt group catalysts, which is common in polymer
electrolyte fuel cells (PEMFC).
The combination of its abundance in nature and continuous stringent regulations imposed
by the U.S. Environmental Protection Agency (EPA) to limit sulfur concentrations in federal
gasoline and diesel fuels, demands the development of effective and versatile deep desulfurization
technologies.10,15 While regulatory legislations require sulfur content to meet strict specifications
(e.g. 10 ppmw for gasoline and 15 ppmw for diesel according to the EPA Tier 3 program), these
sulfur levels are still considered too high for fuel cell applications, for which liquid fuels must
contain no more than 1 ppmw of sulfur.16,17 In fact, studies have shown that sulfur as low as 0.2
ppmw could poison the electrode catalysts in a Proton Exchange Membrane Fuel Cell (PEMFC),
eventually causing degradation of the system.13 Thus, sulfur compounds in the liquid hydrocarbons
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must be reduced close to sulfur-free levels to promise the versatility and efficiency of the fuel cell
stack. Furthermore, the EPA has anticipated that by 2030, the Tier 3 program will have prevented
2000 premature deaths, 2200 asthma attacks, 50000 respiratory symptoms in children and 1.4
million restricted activities every year.10 Conventional hydrodesulfurization, is currently the most
common desulfurization process, but has shown to ineffectively remove refractory sulfur
compounds such as dibenzothiophenes and alkylated-dibenzothiophenes, unless expensive
conditions were applied.18 Furthermore, excessive hydrogenation of aromatics and olefins in fuels
negatively affects other properties of fuel, such as the octane or cetane number. Consequently,
development of alternative deep desulfurization processes for transportation fuels becomes one of
the major challenges to meet federal specifications.

1.4

Alternative approaches to deep desulfurization
Due to low HDS reactivity refractory organosulfur compounds and the continuous stringent

sulfur regulations imposed by the EPA, there has been a high demand for the development of
effective and versatile ultra-deep desulfurization alternative technologies. Various desulfurization
technologies have been explored either to completely replace or to compliment the current HDS
technology. The main alternative techniques include oxidative desulfurization, extractive
desulfurization, biodesulfurization and adsorptive desulfurization.19 Table 1.1 summarizes and
compares the features of the aforementioned desulfurization technologies. A more in-depth
discussion regarding each process can be found elsewhere.20
Among the aforementioned processes, adsorptive desulfurization (ADS) is one of the most
studied alternative technologies to replace or supplement conventional HDS. In ADS, sulfur
compounds are removed via adsorption using a selective adsorbent. This means that the adsorbent
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plays an important role in the selectivity, capacity and sustainability (e.g. regenerability of
adsorbents) of the process. A few examples of widely studied adsorbents include metal-organic
frameworks (MOF), activated carbons, metal oxides, zeolite-like sorbents and zeolites. A more
detailed discussion of each adsorbent will be presented in the next section. Depending on the
interaction between the adsorbent and the sulfur compound, sulfur may be removed via two
mechanisms; physical or chemical adsorption (e.g. reactive adsorption).21 In the former, sulfur
compounds and adsorbents are mainly bound by Van der Waals forces, which is a relatively weak
interaction. This enables the adsorbent to be regenerated relatively easy. On the other hand,
chemical adsorption employs chemical bonding between the sulfur compounds and the adsorbents,
which may alter the physical and chemical nature or the sulfur compounds. As expected, the
adsorbents require higher energy to be regenerated and subsequently, sulfur is removed as H2S or
SOx.22 A low energy-intensive regeneration technique is via solvent extraction, in which polar
solvents such as DMF can be used to wash the adsorbed sulfur compounds.23 ADS is a promising
technique because it has the potential to be regenerative, cost-effective and environmentalfriendly, while operating at ambient conditions. Selectivity and diffusion limitations have been the
most important challenges in ADS. Hence, a significant amount of research has been devoted to
explore a wide range of potential adsorbents with high sulfur selectivity and capacity.
One of the most studied family of materials is MOFs. MOFs consist of metals or metal
clusters that are joined together by an organic material (linker) to establish a framework. They are
unique materials with various pore sizes and shapes.24 Common MOFs for ADS include MIL-101,
HKUST-1, NENU-511, and UMCM, among others.24–28 Their capacity and selectivity depend on
the type of metallic cluster, and the organic linker holding it together.29 One of the key strengths
of MOFs is the flexibility in which most of the metals in the periodic table can be linked using the
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appropriate linker, contributing to wide physical and chemical properties of the material. While
MOFs have shown to exhibit higher capacity than zeolites, their sensitivity to heat prevents them
from being used in industry.25 At high temperature, linkers may collapse and particle aggregation
may occur. Furthermore, the porosity of MOFs may be too small for the adsorption of diesel-range
refractory sulfur compounds, thus reducing the sulfur capacity compared with other highly porous
materials.30
Activated carbons (ACs) are a class of microcrystalline materials with large surface area
and pore volume. The synthesis of ACs usually involves three main steps: preparation,
carbonization and activation.31 A few examples of raw materials include coal, wood, coconut
shells, fruit nuts and other biomass derived sources.32 While pure ACs have shown high sulfur
capacity,33,34 aromatic hydrocarbons, especially nitrogen-containing compounds, selectivity is one
of the major challenges. Thus, metal impregnation (Cu, Co, Ni, P or Mn) on ACs has been studied
to improve their sulfur removal rate and selectivity.35–38 Another challenge of AC in ADS is the
low adsorption ability due to the broad distribution of pore sizes, as well as mass transport
limitations.32,39
Many different types of metal oxides have been used for ADS including Fe, Ni and Co.40
Ti supported on metal oxides have also shown to be effective in the desulfurization of DBT and
TP.41 Mixed metal oxides utilizing graphene oxide as support have also been studied as sorbents
for ADS.42 The advantage of using mixed oxides is their low cos. Nonetheless, they suffer from
low capacity in the adsorption of refractory sulfur compounds. Most studies using metal oxides
were aimed at the removal of elemental, non-aromatic sulfur compounds such as thiols43 or those
found in gas phase.44 Additionally, most of the metal oxides used for desulfurization must be used
with expensive supports and are relatively difficult to regenerate.45,46 It has also been shown that
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the regeneration of AC via heat treatment resulted in a loss of about 5-10% carbon, due to oxidation
and debilitation over time.47
Zeolite-like sorbents such as MCM-41 and SBA-15 are a group of structured mesoporous
silicas that can be used as supports for ADS.48 Unlike metal oxides, zeolite-like sorbents contain
mesopores that are in the range of 20-500 Å,49 which means that accessibility to the internal active
sites should not be a limiting factor. The synthesis of materials and the tailoring of the pore
structures are relatively easy and cost-effective. Zeolite-like sorbents tend to exhibit high surface
area, good thermal stability and they can be functionalized by different metals and metal oxides in
order to increase their sulfur removal rate.50–53 However, zeolite-like sorbents do not exhibit a
well-defined crystalline structure.54 The metals are usually introduced via wet-impregnation,
which generally results in lower metal dispersion (or higher amount of agglomerated metal
particles), which reduces the selectivity of sulfur molecules.55,56
Zeolites are a class of aluminosilicates that occur naturally or are manufactured
synthetically at an industrial scale. The research of zeolite materials is broad and includes
applications in wastewater treatment,57,58 catalysis59,60 and adsorbents,29 among others. Zeolite
properties are determined by their structure and their Si/Al ratio, which can be tuned based on the
needs of the different applications. A lower Si/Al ratio leads to more acidic zeolites, making them
ideal for ion-exchange.61 The Y zeolite, in particular, has been very attractive for sulfur adsorption
due to the unique three-dimensional pore structure of the faujasite (FAU) framework, as well as
the large surface area and widely available acid sites. The acid sites also behave as ion-exchange
site to introduce well-dispersed metals. However, the microporous nature of the Y zeolites causes
diffusion limitations, especially for refractory sulfur compounds. To overcome this challenge,
mesoporous zeolite have been explored.62,63 Another major challenge is the limited selectivity
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towards sulfur molecules in the presence of aromatics in the fuels. Researchers have been trying
for years to address this challenge by introducing metals via the ion-exchange.64,65 It is, therefore,
purposeful to study the important roles of pore structure and metals in zeolites for the ADS of
transportation fuels.

Table 1.1: Comparison of common desulfurization technologies.
Desulfurization Technologies

Mechanism

Advantages
• Well-studied conventional
desulfurization process
• Effectively removes sulfur
from thiols, sulfides and
thiophenes
• Mild operating conditions
• Recyclable solvent

Hydrodesulfurization (HDS)

• Requires small reactor
• Low cost
• Mild operating conditions
• Recyclable solvent

Oxidative Desulfurization (ODS)

• Low energy consumption
• Mild operating conditions
• No catalyst use
• Does not react with fuels

Extractive Desulfurization (EDS)

• Low cost
• Environmental friendly
• Mild operating conditions
• Easy recovery of
biocatalysts

Biodesulfurization (BDS)

• Low cost
• Mild operating conditions
• Easy to regenerate
• Does not produce H2 S
• Environmental-friendly

Adsorptive Desulfurization (ADS)
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Disadvantanges
• High cost
• High reaction temperature
and pressure
• Requires expensive metals
• Decreased catalyst lifespan
• HDS of alkylated-DBT is
hindered by steric hindrance
• Reduces octane rating
• Low solvent selectivity
• Slow catalyst recovery
• Slow reaction rate
• Oxidants may cause low
mass transfer, corrosion and
high moisture content
• Low extractant selectivity
• High cost of solvent
• Solvent may be lost due to
evaporation
• Solvent may impose harmful
effects on ecosystem
• Unwanted C-C bond
cleavage (Kodama)
• Low reaction rate
• Short microorganism lifetime
• Loss of cells over time
• Limited studies on real oil
• Limited information on
sanitary handling of cells
• Low sulfur selectivity
• Diffusion limitations
• Efficiency highly depends on
sorbent properties

1.5

Objectives
The overarching objective of this thesis is to understand the role of the sorbent on the

desulfurization of transportation fuels to meet federal sulfur specifications. According to the EPA,
fuel combustion is the main source of SOx production, accounting for over 80% of the total
emission.66 When combusted, sulfur in fossil fuels is almost entirely converted to SO2 (or SO3),
and studies have shown that as little as 1 ppm of sulfur can lead to negative implications such as
catalytic converter failures and fuel cell electrode poisoning.4,67
The objective of this PhD thesis is to understand the role of bimetal-exchanged zeolites in
adsorptive desulfurization of transportation fuels, gasoline, jet fuels and diesel. While various
adsorbents with high sulfur capacity have been discovered as highlighted in Section 1.4, bimetallic
mesoporous zeolites have been optimized both physically and chemically to create a lucrative
sorbent, that has yet to be studied for adsorptive desulfurization. This sorbent, combining both
hierarchical pore structure and metal cations, will revolutionize deep desulfurization technologies
to produce high quality low sulfur fuels for both transportation and fuel cell applications.
As demand for fossil-based fuels continues to rise, federal agencies have decided to place
stringent regulations on sulfur emissions. As a result, the need for low-cost and effective
desulfurization technologies has been the main topic of discussion. Liquid phase adsorptive
desulfurization using zeolites has been shown to be a promising alternative to HDS, but continuous
adsorption of refractory sulfur compounds may decrease the lifetime of the sorbent. Utilizing
liquid phase desulfurization as a complementary technology to HDS can be more practical at the
current commercial state.
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However there are several challenges that need to be addressed in order to make the liquid
adsorptive desulfurization in zeolites a successful technology. These challenges and proposed
solutions are described below:
(1) Eliminating diffusion limitations. Introduction of mesoporosity via the surfactant-assisted
method would allow larger molecules such as DBT and 4,6-DMDBT to access the internal
active sites of the microporous zeolites.68 This method ensures the introduction of well-ordered
pores without compromising the structural integrity of the zeolite framework.
(2) Increasing sulfur capacity. Metal cations can be introduced into the zeolite extra-framework
via the ion-exchange method to enhance sulfur uptake. Cu is one of the transition d-block
metals that has shown high capacity for sulfur adsorption due to strong π-complexation with
the thiophenic ring.64,69 During this interaction, sulfur forms a σ-bond with the empty 4s-orbital
of Cu+, while the d-orbital of Cu+ backdonates electron density to the antibonding π-orbitals
(π*) of the sulfur ring. This interaction is exceptionally strong, except when other aromatics
are present, compromising the selectivity of sulfur adsorption.
(3) Enhancing sulfur selectivity. F-block elements such as Ce prefer to selectively form direct σbonds to nearby heteroatom.46,70 This interaction is highly selective especially in competitive
adsorption of sulfur from liquid fuels, but suffers low sulfur capacity due to being located in
inaccessible sodalite cages and hexagonal prisms in the zeolite. Steric hindrance can arise since
adsorption configuration plays an important role in direct σ-bond interaction.
(4) Designing novel and environmentally friendly sorbents. The prepared metal-exchanged
mesoporous Y zeolites will be used as a potential sorbent for adsorptive desulfurization of
liquid hydrocarbon fuels. The roles of mesoporosity and metal cations will be the aim of this
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section. The synergy between Cu and Ce will be studied to understand how the combination
of metals impact the capacity and selectivity of thiophenic compounds.
(5) Understanding the mechanism of sulfur adsorption. The aim of this section is to investigate the
adsorption pathway of sulfur compounds adsorbed on Y zeolites. Multiple molecular level
techniques will be utilized to shed light on the adsorption configuration and binding energy.
Results from these studies will be compared to experimental data to bridge chemical
engineering fundamentals and applications.
(6) Defining the crystalline structure of ion-exchanged Y zeolite. The location and coordination
of exchanged-metals in the Y zeolite play a significant role in the overall desulfurization
performance. XRD techniques will be utilized in this study to obtain accurate diffraction data
about the zeolite, which is then subjected to Rietveld refinement. This will give us useful
information such as the unit cell size, lattice parameters, occupancy of metals, coordination of
atoms, and the location of extra-framework cations. Hopefully, this will allow us to answer
fundamentally to the question, “What makes metal-exchanged mesoporous Y zeolite an
excellent sorbent for adsorptive desulfurization?”
(7) Predicting the adsorption energy and mechanism of sulfur. Despite the advantage of using
bimetals such as Cu and Ce for adsorptive desulfurization, there is still a plethora of metals in
the periodic table to be explored, that could be good candidates for sulfur adsorption.
Currently, density functional theory has become a popular computational tool to screen for
potential adsorbents based on binding energies and adsorption configurations. Using DFT will
also help us explain the trends observed in experimental results, and hopefully draw
correlations that would beneficial for machine learning.
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Based on the challenges described above, a few hypotheses are proposed. Since the Y
zeolite already exhibits relatively large pores of about 7.4 Å, TP and BT should have little to no
difficulty accessing the internal active sites located in the supercage. However, the adsorption of
DBT and larger sulfur compounds, with a kinetic diameter of at least 9 Å, would be severely
interfered by steric hindrance and diffusion limitation.71 A novel method of introducing welldefined pore structures has been proposed to overcome this challenge, without severe
consequences on the available active sites. Using transition metal such as Cu or rear-earth metal
such as Ce has shown to be advantageous for ADS via different adsorption pathways. We propose
that the combination of both elements in our zeolite sorbent would enhance sulfur capacity and
selectivity via various adsorption configurations. Metal composition, location, configuration, and
oxidation states are all important factors of high sulfur uptake and should be considered. It is also
highly likely that other combination of metals might exhibit higher sulfur selectivity and capacity
compared with Cu and Ce, but running adsorption experiments for a high number of metals can be
time-consuming and expensive. Theoretical studies using DFT have been used to correlate binding
energies and material properties, allowing users to make accurate predictions. We propose the use
of DFT to calculate adsorption energies and correlating them to adsorption capacities obtain from
experiments. The conflation of experimental, spectroscopic and theoretical understanding of sulfur
adsorption is essential for the successful implementation of ADS in the real world. The following
section highlights the content of each chapter. Without following any particular order, each study
aims to address the aforementioned objectives listed above.
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1.6

Scope of Dissertation
This dissertation has 7 chapters following the Introduction. Chapter 2 introduces the three

main experimental methods used in this work, including N2 adsorption/desorption, X-ray
diffraction (XRD), Fourier transform infrared spectrometer (FTIR) and microscopy. The
preparation, modification and analysis of modified Y zeolites are also discussed. Chapter 3 gives
a brief overview of the theoretical method used in this study, density functional theory (DFT)
Chapter 4 studies metal-exchanged mesoporous Y zeolite as a potential sulfur adsorbent
for transportation fuels. Several modifications such as the introduction of mesoporosity and metal
cations, are made to the fresh zeolite to overcome diffusion limitation and selectivity challenges,
respectively. The adsorption capacities derived from the breakthrough curves are correlated to the
adsorption energies determined using isosteric heat of adsorption calculations.
In Chapter 5, the sulfur adsorption study is extended to include aromatic compounds in the
model fuel, to mimic real transportation fuels. It is demonstrated that the presence of aromatics
significantly decreases the capacity of previously studied Y zeolites. Bimetallic mesoporous Y
zeolite is prepared to show the synergistic effect of Cu and Ce on selective adsorptive
desulfurization. The adsorption strength and configuration of the modified zeolites are also
discussed using FTIR.
In Chapter 6, the previous work for adsorptive desulfurization on CuCe mesoporous Y
zeolite is extended to study the selective removal of 4,6-dimethyldibenzothiophene (4,6-DMDBT),
which is extremely difficult to break down using conventional HDS. A model fuel containing 4,6DMDBT and naphthalene is used in this study. It is realized that the metal composition and
configuration can be controlled to enhance the adsorption capacity of 4,6-DMDBT. The most
optimum material is chosen to study the effect of regeneration.
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In Chapter 7, DFT calculations are performed on HY and CuY to predict the binding energy
of various sulfur compounds. Rietveld refinement was first performed to gain information on the
coordination of Cu. Then, a two-layer ONIOM model was built to represent the zeolite cluster, for
which quantum mechanics is used to treat the adsorption site, and molecular mechanics to deal
with everything else in the framework. The adsorption mechanisms are further understood using
NBO analysis, which gives detailed information about electronic contributions from participating
natural bond orbitals. The results from DFT are then used to explain the breakthrough curves from
previous adsorption experiments and to justify that theoretical calculations are essential for
predicting adsorbents with high sulfur capacity and selectivity.
Chapter 8 contains summaries from each chapter, which are used to reach a general
conclusion regarding ADS. The potential of ADS as a standalone alternative or complementary
technology is discussed. Commercialization of ADS is restricted by several challenges that should
be addressed in the future. Finally, some suggestions for future work are proposed.
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Chapter 2
EXPERIMENTAL METHODS

2.1

Introduction
Adsorption using zeolites sees a wide application in chemical, petroleum and energy

industries. The quality of the zeolite determines the performance of any adsorptive separation or
purification process. In adsorptive desulfurization of transportation fuels, the main challenge is the
selective adsorption of sulfur in the presence of aromatics. Refractory sulfur compounds such as
dibenzothiophene and alkylated-dibenzothiophenes are bulky molecules that may cause steric
hindrance, especially within the narrow channels and cages of the Y zeolite. The aforementioned
challenges in combination with the stringent sulfur regulations for transportation fuels and fuel
cells are the motivation behind this dissertation. To help execute the relevant investigations, a
range of advanced characterization and analytical techniques were used and are discussed in detail
below. In addition to bench-scale experiments, this dissertation also focuses on the fundamental
understanding of sulfur adsorption at the molecular level.

2.2

Sorbent Preparation

2.2.1 Surfactant-assisted method
The introduction of mesoporosity in zeolites has been studied since the early 2000s for
applications in the petrochemical industry.72–74 Various strategies of preparing mesoporous
zeolites, including both bottom-up and top-down approaches, have been discussed elsewhere.68
The surfactant-assisted method has been employed in this study to allow for more controlled
mesoporosity, the detailed procedures of which have been previously published.75,76 This approach
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is a single-step process that uses mild base solution such as ammonium hydroxide (NH4OH) and
surfactants such as cetyltrimethyl ammonium bromide (CTAB). In some cases where the zeolite
contains high aluminum content (low Si/Al ratio), an acid pre-treatment step using mild acid such
as citric acid is required. The acid-pretreated zeolite is then added to the NH4OH and CTAB
solution. During the mixing, some of the Si atoms are dissolved by the base solution, resulting in
negatively charges sites in the zeolite framework that attract the more positively-charged
surfactants. To minimize the interaction of hydrophobic surfactant tails in the solution, the
surfactants spontaneously self-assemble to form micelles, creating a templating effect within the
zeolite framework. The mixture is typically heated to 80 °C and stirred for approximately 24 hours,
after which the resulting solid is filtered, washed and dried. Then, the zeolite is calcined at 550 °C
for approximately 5 hours to remove the surfactants, leaving uniform distribution of mesopores.
Compared with traditional desilication, the surfactant-assisted approach does not result in
significant loss of silica or damage of zeolite framework, leading to a significant improvement in
physical properties such as crystallinity, acidity and hydrothermal stability. Furthermore, the size
of the mesopores can be easily controlled based on the length of the surfactant hydrophobic tail.
Figure 2.1 highlights the important steps during the formation of surfactant-templated mesopores
in the Y zeolite.
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Figure 2.1: The proposed mechanism for the formation of surfactant-templated mesopores. From
left to right: Fresh Y zeolite is used as the starting material; Mild desilication in basic media and
rearrangement of crystal structure around the assembly of surfactants (micelles); removal of
templates leaving behind well-defined mesoporous structures.

2.2.2 Ion-exchange of Y zeolite
The Y zeolite framework is composed of SiO4 and AlO4 tetrahedra, which are joined to
form a 3-dimensional crystalline structure, consisting of polyhedral building blocks such as
sodalite cages and hexagonal prism. The polymerization of these units results in the formation of
uniform pore structure and inter-connecting channels and cavities. Since Si is tetravalent and Al
trivalent, the net charge of the zeolite framework is negative and this net anionic charge defines
the ion-exchange behavior of the Y zeolite. This means that the ion-exchange capacity of a zeolite
depends on the SiO2/Al2O3 ratio, where higher Al content leads to higher ion-exchange capacity.
To account for electroneutrality, the negative charge is compensated by cations of equal charge.
Typically, the compensating cations in the Y zeolite exist in the form of Na+, Li+, and NH4+ which
can be further ion-exchanged with desired transition metals or rare-earth metals. A basic
representation of the neutral zeolite framework is shown in Figure 2.2. Notice that two Al atoms
cannot share the same oxygen as per Loewenstein’s rule.77 Therefore, for a unit cell containing a
total of 192 tetrahedra, maximum allowable number of Al is 96 atoms per unit cell, corresponding
to a Si/Al ratio of 1.
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Figure 2.2: Schematic of negatively-charged zeolite framework balanced by (a) Na+ and (b)
NH4+ cations.

Ion-exchange of zeolite is generally performed in aqueous systems, in which the
appropriate amount of cation precursor is added to the mixture and allowed to stir for
approximately 48 hours at ambient conditions. The stirring temperature may be raised to increase
the ion-exchange rate. At elevated temperature, water is stripped from the ions, allowing for better
penetration through the pores of the zeolite.72 In addition to temperature, other main factors that
influence the rate and degree of ion-exchange in zeolites are the type of the cation being exchanged
including its size and charge, the concentration of cations, the location of cations in the zeolite and
the Si/Al ratio of the zeolite.78,79 The mechanism of ion-exchange proceeds by assuming a state of
equilibrium between the cation in the zeolite and the corresponding cation in the solution. This
relationship may be represented by the following equation:
𝑏+
𝑏𝐴𝑆𝑎+ + 𝑎𝐵𝑍𝑏+ ⇄ 𝑏𝐴𝑎+
𝑍 + 𝑎𝐵𝑆

Equation 2.1

where a and b are the oxidation state of cations A and B, and S and Z are the solution and zeolite
phases, respectively. The selectivity of ion-exchanging the existing cation in the zeolite with a new
cation depends on the free energy of the above reaction, given as:
∆𝐺 0 = −

𝑅𝑇
ln 𝐾
𝑎𝑏

Equation 2.2

where K = the dynamic equilibrium constant of Equation 2.1 Consequently, the reaction with the
most negative free energy exhibits the highest selectivity of ion-exchange.
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Since the SiO2/Al2O3 ratio of Y zeolite is around 2.5, the unit cell possesses a variety of
cation positions that are coordinated with framework oxygen atoms dispersed throughout the
supercages, sodalite cages and hexagonal prisms. Figure 2.3 shows the 3-dimensional structure of
the Y zeolite unit cell and the corresponding extra-framework cation positions, namely sites I, I’,
II and II’. Site I and I’ are located at the center of the hexagonal prism surrounded by six oxygen
atoms and inside the sodalite cage surrounded by three oxygens, respectively. Site I’ is known to
be highly populated for having octahedral coordination with the surrounding oxygens, but is totally
inaccessible for guest molecules. Site I is only accessible to those that are small enough to penetrate
the sodalite cage. It should be mentioned that simultaneous occupation of adjacent sites I and II’
is forbidden because of Coulombic repulsion.80 Sites II and II’ are located at the faces of the 6membered ring just inside the supercage and the sodalite cage, respectively. These sites are usually
more accessible for the adsorption of guest molecules, and hence the preferred sites for ionexchanged of cations in the zeolite. Similar to sites I and I’, simultaneous occupation of these sites
is also forbidden. Upon calcination and activation at elevated temperature, the cations tend to
migrate into the highly-coordinated sites to achieve the lowest possible energy. Unfortunately,
these sites are located in the hindered positions of the sodalite cage and hexagonal prism, causing
minimal interaction with any guest molecules in the supercage cavity.
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Figure 2.3: Schematic representation of Y zeolite unit cell and extra-framework coordination
sites.

2.3

Characterization Techniques
Characterization techniques are necessary to elucidate all kinds of characteristics of a

catalyst or adsorbent. With the advancement of science and technology, more sophisticated
characterization instruments have been developed and most of them are very accessible in large
universities, research institutes and national laboratories. A sample’s characteristics can be
categorized into physical or chemical properties. Together, these properties are responsible for the
performance of a given reaction. Therefore, utilizing the appropriate characterization techniques
for a given project is crucial to offer the most comprehensive and supportive data for experimental
and theoretical findings. In this section of the thesis, only the main characterization techniques are
discussed in detail. They include N2 adsorption/desorption, x-ray diffraction (XRD), infrared
spectroscopy (IR) and microscopy. Information about other supplemental characterization
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techniques such as elemental analysis and X-ray photoelectron spectroscopy (XPS) can be found
in subsequent chapters.
2.3.1 N2 adsorption/desorption
The determination of surface area, pore size and pore volume is one of the most
fundamental practice of catalysis and adsorption research. These properties are important because
they accommodate actives sites and accessibility to those sites. Both the size and pores determine
the internal surface area, which play a significant role in the dispersion of active metals. The most
common method for determining the internal surface area of zeolites is by gas adsorption. Unlike
bound atoms in a solid, surface atoms have the tendency to attract nearby gases to satisfy bond
deficiency, and thus lowering the surface energy. Prior to the measurement, the zeolite sample is
first degassed in inert gas at approximately 393 K under vacuum for 24 hours to remove water and
physisorbed contaminants. Then, the sample is cooled to about 77 K (liquid N2 temperature) after
which is an adsorptive gas is dosed (usually N2) in gradually increasing pressure. After each dose,
the pressure is allowed to equilibrate and the amount of N2 adsorbed is recorded. Subsequently,
the process is reversed by gradually decreasing the pressure, thereby generating a desorption
isotherm. Figure 2.4 shows the resulting N2 adsorption and desorption isotherms of a fresh Y
zeolite, compared against that of mesoporous Y zeolite. There are various types of isotherms
depending on the pore structure of the zeolite. Figure 2.4(a) shows that the fresh Y zeolite exhibits
a Type I isotherm, which is common for microporous solids having relatively small external
surfaces. The limiting uptake is controlled by the accessibility of the micropore volume. On the
other hand, mesoporous Y (Figure 2.4(b)) shows a Type H4 hysterisis loop and reversible Type
IV isotherm, suggesting the presence of ordered-mesoporosity.
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Figure 2.4: N2 adsorption/desorption isotherms of (a) Y zeolite and (b) Mesoporous Y zeolite.

To determine the surface area of zeolites, the collected gas adsorption data must be
processed using an adsorption model. The Brunauer-Emmett-Teller (BET) theory is a widely
accepted method for analyzing multilayer adsorption of gas molecules on a solid surface to
measure the surface area of the solid and the corresponding distribution of pores.81 The BET is
also referred to as an extension of the Langmuir model and makes the following assumptions:
(1) Infinite physisorption of gas molecules on solid surface
(2) Interaction of gas molecules with adjacent layers only
(3) Langmuir theory applied to each layer
(4) First layer exhibits highest enthalpy of adsorption
(5) Subsequent layers have the same adsorption energy
The resulting BET equation is the following:
1
𝑐 − 1 𝑝0
1
( )+
=
𝑣[(𝑝0 ⁄𝑝) − 1]
𝑣𝑚 𝑐 𝑝
𝑣𝑚 𝑐
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Equation 2.3

where 𝑝0 and 𝑝 are the equilibrium and saturation pressures of gas adsorbates at the
corresponding adsorption temperature, 𝑣 is the amount of adsorbed gas, 𝑣𝑚 is the amount of
monolayer adsorbed gas and 𝑐 is the BET constant, defined by the following equation:
𝐸1 − 𝐸𝐿
)
𝑐 = 𝑒𝑥𝑝 (
𝑅𝑇

Equation 2.4

where 𝐸1 is the heat of adsorption of the first layer and 𝐸𝐿 is that for the subsequent layers. To
obtain information about the pore structure, the process is extended to allow the gas to condense
in the pores. Further increase in the gas pressure will cause the pores to be completely filled and
the collected data is used in a pore distribution model such as the method of Barret, Joyner and
Halenda (BJH) or density function theory (DFT) to estimate the pore size distribution of the zeolite.
2.3.2 X-ray diffraction
X-ray diffraction (XRD) is an essential tool to determine the crystal structure of zeolites.
Specifically, XRD can be used at various stages of synthesis and modification to identify, validate
and characterize the corresponding phase changes on the zeolite. XRD provides structural
information about the Bragg angles, at which a monochromatic X-ray beam is reflected on crystal
planes according to the following Bragg’s equation:
𝑛𝜆 = 2𝑑 sin 𝜃

Equation 2.5

where 𝑛 is the integral number of reflection, 𝜆 is the wavelength of the beam, 𝑑 is the distance
between the crystal planes and 𝜃 is the Bragg angle. For this dissertation, XRD is used in two
different ways. The first objective is to obtain a “fingerprint” by which various zeolites structures
are compared based on the d-spacings or 2Θ positions of the Bragg reflections. Knowing the factors
contributing to the intensity of an hkl reflection is essential to obtain information about the atomic
structure. The intensity of a given Bragg reflection from the hkl plane is given by:
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𝐼(ℎ𝑘𝑙) = 𝐾𝐿𝑝 (𝜃)|𝐹(ℎ𝑘𝑙)|2

Equation 2.6

where K is the proportionality constant, 𝐿𝑝 is the Lorentz-polarization factor as a function of 𝜃,
and 𝐹 is the structure factor. More information about these factors can be found elsewhere.72 Figure
2.5 shows the XRD spectrum of fresh Y zeolite collected using a Bruker D8 advanced x-ray
diffractometer and the corresponding hkl reflection indices. Additional information about dspacings, relative intensities, hkl Miller indices and multiplicity of various zeolite samples have
been published elsewhere.82
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Figure 2.5: XRD spectrum of fresh Y zeolite.

The second objective for obtaining powder XRD patterns is to gather detailed structural
information about a crystalline material such as unit cell size, atom positions, bond lengths and
occupancy. This can be accomplished by fitting a structural model to the powder diffraction data,
and subsequently refining the calculated profile against the observed data until a good match
between the two patterns is reached. The idea of profile refinement started in the 1960s when Hugo
Rietveld introduced a refinement method that uses the entire powder diffraction pattern instead of
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the integrated peak intensities.83 This allows for the determination of complex asymmetric
structures that possess overlapping diffraction peaks, such as zeolites. The Rietveld method uses
the least-squares procedure, in which atomic displacement parameters, background and peak
profile parameters must be refined, which can be computationally-demanding. Therefore, accurate
powder diffraction pattern, reasonable starting model and good refinement experience/skills are
essential for the successful outcome of the Rietveld method.
During the refinement process, all parameters responsible for the background and Bragg
reflections are varied systematically until the resulting calculated data best match the observed
diffraction pattern. This effort can be accomplished by minimizing the following equation:
𝑛

𝑅 = ∑ 𝑤𝑖 (𝑌𝑖𝑜𝑏𝑠 − 𝑌𝑖𝑐𝑎𝑙𝑐 )

2

Equation 2.7

𝑖=1

where 𝑛 is the number of points measured in the diffraction pattern, 𝑌𝑖𝑜𝑏𝑠 is the observed intensity
of data point 𝑖, 𝑌𝑖𝑐𝑎𝑙𝑐 is the calculated intensity of data point 𝑖 and 𝑤𝑖 is the weight associated to
data point 𝑖. For more detailed evaluation of the quality of refinement, the following figures of
merit can be used to compare the measured and calculated patterns:
∑𝑛𝑖=1|𝑦𝑖𝑜𝑏𝑠 − 𝑦𝑖𝑐𝑎𝑙𝑐 |
𝑃𝑟𝑜𝑓𝑖𝑙𝑒 𝑟𝑒𝑠𝑖𝑑𝑢𝑎𝑙 𝑓𝑎𝑐𝑡𝑜𝑟, 𝑅𝑝 =
∑𝑛𝑖=1 𝑦𝑖𝑜𝑏𝑠

𝑊𝑒𝑖𝑔ℎ𝑡𝑒𝑑 𝑝𝑟𝑜𝑓𝑖𝑙𝑒 𝑟𝑒𝑠𝑖𝑑𝑢𝑎𝑙 𝑓𝑎𝑐𝑡𝑜𝑟, 𝑅𝑤𝑝 = [

𝐸𝑥𝑝𝑒𝑐𝑡𝑒𝑑 𝑟𝑒𝑠𝑖𝑑𝑢𝑎𝑙 𝑓𝑎𝑐𝑡𝑜𝑟, 𝑅𝑒 = [

∑𝑛𝑖=1(𝑦𝑖𝑜𝑏𝑠 − 𝑦𝑖𝑐𝑎𝑙𝑐 )
∑𝑛𝑖=1(𝑦𝑖𝑜𝑏𝑠 )
𝑛−𝑝

∑𝑛𝑖=1 𝑤𝑖 (𝑦𝑖𝑜𝑏𝑠 )

𝑅𝑤𝑝 2
)
𝐺𝑜𝑜𝑑𝑛𝑒𝑠𝑠 𝑜𝑓 𝑓𝑖𝑡, 𝜒 = (
𝑅𝑒
2
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Equation 2.8

2

2 1/2

]

Equation 2.9

1/2
2]

Equation 2.10

Equation 2.11

It is important to note that there is no fixed method of performing a Rietveld refinement.
Each refinement does not necessarily follow a specific sequence as various groups of parameters
are refined differently depending on the starting model. Almost everyone that practices such
method possesses their own set of strategies which comes from technical expertise and experience.
Nonetheless, everyone shares a common goal to perform Rietveld refinements in the most stable
manner possible. Equations 2.8-2.11 are helpful indications regarding the quality of refined data,
but those should not be the only criteria. Other parameters such as bond lengths, bond angles,
occupancy factors and thermal displacement factors must be physically and chemically reasonable.
The following Rietveld refinement procedure is a general guide intended for reference only. It
should not be followed blindly for reasons stated above.
In this thesis, Rietveld refinement was performed using the software package Generalized
Structure Analysis System (GSAS), developed by Larson and Dreele.84 In most cases, an
accompanying user-friendly graphic interface, EXPGUI, developed by B.H. Toby was also used
for convenience.85 Both softwares are free to download from the web. Before running the samples,
alignment of the XRD was checked with a NIST Silicon Standard Reference Material (SRM) 640e,
fixing the lattice parameter at 5.4321179 Å. Figure 2.6 compares the powder diffraction pattern of
Silicon SRM 640e to that calculated using Rietveld refinement and the corresponding figures of
merit in the inset. The difference plot allows users to quickly identify problems related to the
background, peak positions or peak shapes, and decide which parameters should be adjusted and
refined. The goodness of fit is relatively low and the difference between observed and calculated
patterns is small. However, the refinement can be further improved by taking better quality
diffraction pattern and further adjusting the background and profile parameters. When the fit is
complete, an important instrument parameter called the zero displacement offset is recorded. This
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offset represents the sample displacement error relative to the instrument and should be fixed
during the refinement of actual samples. In GSAS, the shft (sample displacement) parameter can
be refined to minimize the error attributed to the placement of the sample. The next step in
performing Rietveld refinement is to do a structureless Le Bail fit to the sample data. It must be
emphasized at this point that good crystal structure data such as the space group, unit cell size and
atom coordinates and occupancy must be initially defined to ensure a stable refinement outcome.
The LeBail fit, another least-squares method, is performed prior to Rietveld refinement, in which
the background (manually fitted then released to a Shifted Chebyshev function or other polynomial
functions), peak shape function parameters (typically parameterized pseudo-Voigt function or a
variation thereof) and unit cell parameters can be refined to give the absolute best possible fit to
the observed pattern. These parameters are then fixed, if not refined stepwise during Rietveld
refinement until a minimum χ2 is reached at each stage. The first two parameters to refine are
usually the scale factor and the unit cell size. Subsequently, profile shape parameters such as GU,
GV, and GW width parameters, as well as LX and LY shape parameters can be released slowly to
improve the fit to the data. Sample parameters relevant to Bragg-Brentano instruments such as
sample shift (shft) and transparency (trns) can also be adjusted and it is important to note that they
are unique to each sample. Before refining the atomic parameters, the addition of constraints and
restraints is highly advised to solve the complex crystal structure of zeolites. Constraints impose
strict limitation or exact relationships between specific parameters. For example, constraints were
applied to the framework Si and Al atoms because they have the same multiplicity, hence the same
fractional coordinates and thermal parameter. The occupancy parameter was also constrained so
that two tetrahedral atoms cannot simultaneously occupy the same site, and the total fractional
occupancy should be 1. On the other hand, restraints, also known as soft constraints, are defined
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by user based on known chemical and structural information. For example, the bond lengths of SiO and Al-O were restrained to 1.59 Å and 1.79 Å, respectively, with a standard error of 0.02 Å.
Once these restrictions are applied, the atomic positions, occupancy and thermal parameters can
be refined to improve the goodness of fit. The last parameter to refine is usually the background
as it can be highly unstable if not done carefully. The final step is then to locate the missing extraframework cations in the zeolite by performing a Fourier difference analysis. The inclusion of the
missing cation in the structure model should improve the fit to the observed pattern and the
refinement is repeated a few more times until the lowest χ2 value is reached.

Figure 2.6: Comparison of XRD observed pattern of Silicon SRM 640e and calculated pattern by
Rietveld refinement.
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2.3.3 Infrared spectroscopy
IR spectroscopy is a common method to study the vibrational bonds of zeolites during
adsorption and catalysis. The full range of IR (10-10000 cm-1) can be divided into three regions,
namely near-IR (3000-10000 cm-1), mid-IR (300-3000 cm-1) and far-IR (10-300 cm-1). Only
molecules with permanent or induced dipole will be able to interact with IR radiation, resulting in
the formation of vibrational bands. From a quantum mechanical point of view, these molecules
exhibit discrete levels of vibrational energies to which transitions can occur during the absorption
of IR radiation. Subsequently, the energy levels can be described by the Schrӧdinger equation:
Ĥ𝛷 = 𝐸𝛷

Equation 2.12

where Ĥ is the Hamiltonian, 𝛷 is the eigenfunction and 𝐸 is the energy eigenvalue. To solve this
equation, an appropriate model such as the anharmonic oscillator that accounts for the potential
and kinetic energies of an actual molecule is applied and the corresponding vibrational energy can
be described as86:
1
1 2
𝐸(𝑣) = ℎ𝑣𝑟 (𝑣 + ) + ℎ𝑣𝑟 𝑥𝑎 (𝑣 + ) + ⋯
2
2

Equation 2.13

where ℎ is Planck’s constant, 𝑣𝑟 is the vibrational frequency, 𝑣 is the vibrational quantum number
and it can have values 0, 1, 2,… and 𝑥𝑎 is the anharmonicity constant.
As mentioned above, IR regions can be classified according to the range of wavenumber
and thus, the corresponding vibrational energy. In the far-IR region, lattice vibration of framework
oxygen and charge-balancing cations in zeolites can be studied. In the mid-IR range, molecular
vibrations for surface OH groups, adsorbed probed molecules and framework vibrations can be
investigated. Finally, near-IR spectroscopy is common for visualizing overtones and combination
modes of hydroxyl sites of a zeolite. While this region is highly useful in the study of zeolites,
conventional transmission spectroscopy is likely to fail due to the aggressive radiation scattering
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of the zeolitic vibrational bonds, resulting in lower transmitted beam. In the 1980s, Kazansky et
al. pioneered the use of diffuse reflectance spectroscopy (DRS) for zeolite characterization, which
has shown to be effective in the near-IR region. In this study, the zeolites were characterized using
a Nicolet 6700 FTIR equipped with a Praying Mantis diffuse reflectance IR Fourier transform
(DRIFT) cell designed by Harrick. Zinc Selenide (ZnSe) was chosen as the material for the cell
window because it is water insoluble and chemical resistant. The lower spectral limit, however is
around 500 cm-1, which does not permit far-IR spectroscopy of zeolites. To take a DRIFTS
spectrum, about 20-30 mg of zeolite powder is placed into the cell and exposed to an IR beam of
32 scans with a resolution of 4 cm-1. The reflected radiation from the sample is then collected by
an elliptical mirror and directed to a highly sensitive mercury cadmium telluride (MCT/A)
detector. Figure 2.7 shows an IR spectrum of activated fresh Y zeolite at room temperature. The
band at 3742 cm-1 corresponds to terminal silanol, while the bands at 3635 cm-1 and 3545 cm-1 are
attributed to bridging hydroxyl groups with Brønsted acid character in the supercage and sodalite
cages, respectively. Bands that occur below 1400 cm-1 are attributed to framework vibrations of
zeolites. In cases where adsorbed water is present especially on hydrated Y zeolites, a broad band
appears between 3000 – 4000 cm-1, resulting from hydrogen bonding of water with the hydroxyl
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Figure 2.7: IR spectrum of fresh Y zeolite taken at 25 °C after thermal activation.
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The quantification of acid sites is of great importance in acid-base interaction in zeolites.
An acid site can either be Brønsted or Lewis acidity depending on the type of the corresponding
aluminum in the zeolite. Brønsted acid sites are proton donors consists of structural OH groups
formed between Si and Al atoms in the zeolite framework. Thus, the number of these sites is
equivalent to the number of tetrahedral aluminum species, resulting in a net charge of -1. As
discussed in Section 2.2.2, the negative charge is balanced by a proton or monovalent alkali
cations. Lewis acid sites are essentially electron acceptors that arise from aluminum-containing
extra-framework species. They are usually formed via hydrothermal steaming or dealumination of
zeolites, during which the bonds of the Si-O-Al framework bonds are broken and subsequently
deposited onto the internal and external surfaces of the zeolite as extra-framework species. Figure
2.8 compares the molecular structure of Brønsted and Lewis acid sites. In fact, Brønsted acid sites
can be converted to Lewis acid site via either dihydroxylation or dealumination, resulting in threecoordinated framework Al and extra-framework alumina, respectively. A third way to introduce
Lewis acidity is the introduction of metal cations. These acid sites may be detected by IR
spectroscopy by adsorbing them with a probe molecule. The molecule should have a basic
characteristic and able to differentiate the two acid site. One such molecule is pyridine. Pyridine
was used in this study because it interacts different with the acid sites. On Brønsted acid site,
pyridine forms pyridinum ion, PyH+ which is represented by the IR band at 1540 cm-1. The
adsorption on Lewis acid site occurs molecular which gives rise to a band at 1450 cm-1.

Figure 2.8: Conversion from Brønsted (proton donor) to Lewis (electron acceptor) acid sites via
dehydroxylation.
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Aside from pyridine, carbon monoxide (CO) is another probe molecule that is very useful
for investigating oxidation and coordination states of metal cations. CO has a small kinetic
diameter and molecular size, which can reach most of the active sites in the zeolite. When adsorbed
on a metal, different CO ligands can form depending on the type of zeolite, CO pressure and
adsorption temperature.87 This interaction between CO and cations gives rise to strong carbonyl
vibrational bonds in the region between 2300 – 1800 cm-1 that can be observed by IR spectroscopy.
It should be mentioned here that upon adsorption of pyridine or CO, the DRIFTS cell was subjected
to a vacuum pressure in the order of 10-5 Torr so that only chemisorbed bands were being
investigated.
2.3.3 Microscopy
Imaging techniques are important characterization tools to relate a zeolite’s physical
structure to its adsorption or catalytic performance. Since the introduction of electron microscopy
in the early 1930s, useful structural information such as surface topology, particle size, pore
morphology and metal dispersion could be obtained.88 For the characterization of zeolite particles
in the bulk phase, a FEI manufactured Quanta 250 Scanning Electron Microscope (SEM) coupled
with Energy Dispersive X-ray Analysis (EDAX) accessory was used. The zeolites were coated
with a gold layer prior to SEM imaging to enhance the electron conductivity. Further analysis of
the unit cell of zeolite (~1-2 nm) would require a more powerful instrument with higher
magnification. Fortunately, the high voltage transmission electron microscope (TEM) has a much
higher resolution (~0.1 nm), which enables imaging of microstructure and lattice fringes of
zeolites. The TEM instrument used for this study was a FEI Talos F200X microscope equipped
with an X-FEG field emission source and a super X-EDS system. Since zeolites are thick materials,
extensive preparation steps are required before the characterization. Zeolite powders are first
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lightly crushed in a pestle and suspended in ethanol to create a dilute suspension. A small amount
of sample (~0.01 g) is carefully transferred to a carbon-film copper grid, allowing small zeolite
crystallites to adhere via electrostatic interaction. Once the ethanol is evaporated and a thin
crystallite layer is obtained, the grid is then ready for transfer into the TEM.

2.4

Fixed-Bed Adsorption Experiment
The adsorptive desulfurization performance of fresh Y zeolite and modified Y zeolites

were examined using a fixed-bed adsorption experiment in a custom-made quartz column. Figure
2.9 shows a schematic of the experimental setup. The adsorption column has an outside diameter
of ¼” and a length of 26 cm. About 0.2-0.3 g of zeolite powders were packed into the column until
a standard height is reached. Prior to the adsorption experiment, the zeolites were first activated or
reduced with N2 or H2, respectively at 400 °C for several hours. Then, a model fuel containing
various sulfur compounds dissolved in n-octane was fed into the column using a high-performance
liquid chromatography (HPLC) pump at flow rate of 0.05 mL/min or a liquid hourly space velocity
(LHSV) of approximately 0.002 h-1. 0.5 mL was collected at a consistent interval and quantified
for sulfur content using a gas chromatography system equipped with a sulfur chemiluminescence
detector (GC-SCD). The GC model is 7890A manufactured by Agilent Technologies. The SCD is
a 355 Agilent model that is comprised of a dual plasma burner and a detector. Upon combustion,
sulfur monoxide (SO) reacts with ozone to form SO2, O2 and chemiluminescent light (< 300-400
nm). The light is optically filtered and detected with a photomultiplier tube. The corresponding
signal is then amplified on the display. Table 2.1 provides the GC-SCD method parameters for the
sulfur analysis.
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Figure 2.9: A schematic of the fixed-bed adsorption column.

Table 2.1: Method parameters for GC and SCD conditions.
GC conditions
Inlet:
50:1 split ratio
300 °C
Column: Agilent HP-5 30 m × 320 μm × 0.25 μm
Oven:

He at 9.1 psi as carrier gas
40 °C for 1 min
12 °C for 150 °C

SCD conditions
Base:
300 °C
Furnace: 800 °C and 350-400 torr
Air:
50 mL/min
H2:
Ozone:
Cell:
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40 mL/min
3-6 psig
4-8 torr

Chapter 3
THEORETICAL METHODS
3.1

Introduction
There has been immense amount of interest in computational science due to the

advancement of computing power over the past few decades. Nowadays, supercomputers are
becoming more reliable in predicting future results based on well-understood scientific notions
and principles. In theoretical studies of catalysts and adsorbents, quantum mechanics calculations
can be used to predict molecular and surface properties that are difficult to obtain experimentally.
Nevertheless, theory and experiment go hand in hand. A set of results from experiments may not
be entirely understood without theory and conversely, a theory cannot be formulated in the absence
experimental data. Using contributions from theory, correlations can be made between adsorption
capacity and adsorbate binding energy. An extensive explanation of quantum mechanics
calculation is outside the scope of this dissertation, but can be found elsewhere.89–91 Thus, the
objective of this chapter is to give a brief overview of quantum mechanics or more specifically,
theoretical methods to fundamentally understand the bonding between sorbent and sorbate.
Quantum mechanics was developed in the early 1920s by a group of renowned scientists
based on revolutionary principles of quantum theory. In 1900, German physicist Max Planck
discovered that colors were quantized even though it was believed that light behaved as a wave.
He later hypothesized that the energy of electromagnetic waves can take on discrete values. In
1905, Albert Einstein envisioned the photoelectric effect as light traveling in the form of packets
or energy quanta, instead of waves. In 1913, Niels Bohr applied Planck’s hypothesis of
quantization to Ernest Rutherford’s experiments that indicated electrons orbited the nucleus. Bohr
postulated that the electron’s angular momentum was quantized by Planck’s constant and was
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allowed to jump between quantized “orbits”. The ideas that quantities are quantized and that light
behaves as particles led to the discovery of photons by Arthur Compton in 1923, who showed that
particles of light or photons have momentum. By now, it was well-accepted that light could behave
both as a wave and a particle, hence the term, wave-particle duality of light. The demonstration of
light’s wave-particle duality motivated French physicist Louis de Broglie to show that like light,
electrons also display features of waves and particles. However, a German physicist named Werner
Heisenberg proposed that since matter acts as waves, it is impossible to measure its energy and
position accurately, even in theory. Taking de Broglie’s hypothesis and Heisenberg’s uncertainty
principle into consideration, Austrian physicist Erwin Schrӧdinger theorized that the behavior of
electrons could be treated as matter waves. Equation 2.12 represents the Schrӧdinger equation.

3.2

Density functional theory
In the field of catalysis or adsorption, it is important to determine the energy of a system

for the prediction of reaction and adsorption mechanisms. This can be done by approximating the
location of the electrons and minimizing the energy over all possible wavefunctions of the
Schrӧdinger equation or eigenfunctions of Equation 2.12, but it is practically impossible to
explicitly solve most systems due to the high number of electrons. Therefore, various mathematical
approximations have been applied to solve the Schrӧdinger equation resulting in various quantum
mechanical methods, such as, ab-initio methods, semi-empirical methods and density functional
theory (DFT). Ab initio methods relies on theory from first principles.92 They are typically
adequate for relatively small systems. For example, the Hartree-Fock (HF) approach attempts to
solve the Schrӧdinger equation by assuming that each electron exists in a uniform field of the
nuclei, surrounded by all other electrons.93,94 This treatment is only an approximation which
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excludes the effect of electronic configurations. Semi-empirical methods use parameters derived
from experimental data. The advantage using these methods is that they are low-cost and faster
than ab initio calculations. However, bond energies tend to be overestimated, thus less reliable.
The third method is DFT, which started in the 1960s. Pierre Hohenberg and Walter Kohn
postulated that the total energy of a system is a unique functional of the total electronic charge
density.95 Later, Kohn and Lu Jeu Sham found that electron density could be correlated to an
external potential, which can be mapped to fictitious system of non-interacting electrons with the
same electron density. Fortunately, the latter system is solvable using the Kohn-Sham equations
below:
ℏ2 2
[−
∇ + 𝑣𝑒𝑓𝑓 (𝑟)] 𝜓𝑖 (𝑟) = 𝜀𝑖 𝜓𝑖 (𝑟)
2𝑚
𝑣𝑒𝑓𝑓 (𝑟) = 𝑣(𝑟) + 𝑒 2 ∫

𝑛(𝑟 ′ ) 3
𝜕𝐸𝑥𝑐 [𝑛(𝑟)]
𝑑 𝑟′ +
|𝑟 − 𝑟′|
𝜕𝑛(𝑟)

Equation 3.14

Equation 3.15

where ℏ is the Planck’s constant, 𝑚 is the electron mass, 𝑣𝑒𝑓𝑓 (𝑟) is the effective external potential,
𝜀𝑖 is the orbital energy and 𝜓𝑖 is the one electron Kohn-Sham orbital. The effective external
potential can be expanded into three terms shown in Equation 3.15. The first term is attributed to
nuclear potential and electromagnetic potential, which could be approximated using
pseudopotentials. Pseudopotentials are used to trick the valence electrons into thinking that they
are the only electrons in the system, thus less electrons to deal with. The second term, also labeled
as 𝑣𝐻 (𝑟), is the classical electron-electron interaction. The third term is the exchange correlation
potential or 𝑣𝑥𝑐 (𝑟), which is most problematic since DFT does not provide the actual functional
form. Therefore, functionals are developed to approximate the exchange correlation potential.
Once an appropriate functional is selected, the resulting orbital energies and orbitals may be used
to compute the total energy using the following equation:
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1
𝑛(𝑟)𝑛(𝑟 ′ ) 3 3 ′
𝐸 = ∑ 𝜀𝑖 − 𝑒 2 ∫ ∫
𝑑 𝑟𝑑 𝑟 − ∫ 𝑣𝑥𝑐 [𝑛(𝑟)]𝑑𝑟 + 𝐸𝑥𝑐 [𝑛(𝑟)]
|𝑟 − 𝑟 ′ |
2

Equation 3.16

𝑖

where the last term represents the exchange correlation functional energy. In this study, the B3LYP
hybrid functional was used to represent the exchange correlation. It is a linear combination of HF
and DFT electron correlation, providing reliable energetics for metal-ligand interactions.96 One
disadvantage, however, is that it lacks dispersion treatment.
DFT methods use mathematical functions known as basis set to build the quantum
mechanical wavefunction for a molecular system. The larger the basis set, the smaller the
constraints imposed on the electrons, which allows for more accurate prediction of the exact
molecular wavefunctions, but they are also more computationally-expensive. A basis set assigns
an atom a group of basis functions, each of which is composed of a linear combination of several
Gaussian functions, known as primitives. The 6-31G(d,p) split-valence basis set used in this PhD
study utilizes three primitives comprising each core orbital basis function, as well as two basis
functions per valence orbital, consisting of three and one primitive(s), respectively. The d term
adds a polarization function on heavy atoms, while p represents polarization of a p orbital on
hydrogen atoms. Among the available software packages for DFT calculations, Gaussian 16 has
been applied successfully to study the complex structure of zoelites.97

3.3

ONIOM calculation
In general, theoretical studies of zeolites can be challenging due to the large unit cell size

and complex structure. For instance, the Y zeolite supercell contains 576 framework atoms that
are systematically arranged to form repeating units known as building blocks. While the accurate
representation of the Y zeolite can be achieved by applying periodic-boundary conditions (PBC),
the process can be computationally costly. Meanwhile, the ONIOM (our own n-layered integrated
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molecular orbital and molecular mechanics) model was found to be very efficient in studying
adsorption and reaction mechanisms in zeolites.98–100 ONIOM calculation allows for the reduction
of costs by layering the system into separate regions with different degrees of accuracy.101,102 The
reactive region is treated quantum mechanically (QM) and the extended framework region is
treated with a molecular mechanics (MM) force field. The total ONIOM enthalpy (or total energy)
of the system is given by:
𝑎𝑙𝑙
𝑎𝑐𝑡𝑖𝑣𝑒
𝑎𝑐𝑡𝑖𝑣𝑒
𝐻𝑂𝑁𝐼𝑂𝑀 = 𝐻𝑀𝑀
+ 𝐻𝑄𝑀
− 𝐻𝑀𝑀

Equation 3.1

𝑎𝑙𝑙
𝑎𝑐𝑡𝑖𝑣𝑒
𝑎𝑐𝑡𝑖𝑣𝑒
where 𝐻𝑀𝑀
is the enthalpy of the entire system, and 𝐻𝑄𝑀
and 𝐻𝑀𝑀
are the enthalpies of the

active site, performed by QM and MM calculations, respectively. The accuracy of ONIOM
method depends significantly on the size of the cluster, the accuracy of the theory and the
interaction between the layers. In this study, high-level theory layer (reactive region) is treated
by the hybrid B3LYP function, while the low-level theory later (extended zeolite region) is
treated by molecular mechanics force fields. Figure 3.1 shows an ONIOM representation of HY
zeolite that has been cut from the International Zeolite Association (IZA) database.82

Figure 3.2: Optimized 172T ONIOM cluster model of HY cut from a 240T FAU crystal structure
obtained from IZA.82
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Chapter 4
INVESTIGATION OF METAL-EXCHANGED MESOPOROUS Y ZEOLITES FOR THE
ADSORPTIVE DESULFURIZATION OF LIQUID FUELS

4.1

Introduction
Sulfur compounds in transportation fuels, such as diesel and gasoline, are becoming an

important global concern, as they pose serious threats to the environment and air quality.16,103 The
Environmental Protection Agency (EPA) regulations regarding air quality policy in the United
States, required that the sulfur content in federal gasoline cannot exceed 10 ppmw by January 1st,
2017, while ultra-low sulfur diesel (ULSD) must contain less than 15 ppmw of sulfur.10,104 Another
importance of deep desulfurization is motivated by the extensive use of liquid hydrocarbon fuels
for fuel cell applications. Gasoline and diesel are readily available, easily storable and contain high
amount of energy density, making them favorable sources of hydrogen gas for fuel cell
systems.17,67,105 However, the operation of fuel cells is restricted even by present strict sulfur
regulations. In fact, fuels used in Solid Oxide Fuel Cell (SOFC) and Proton Exchange Membrane
Fuel Cell (PEMFC) should be kept below 5 ppmw and 0.1 ppmw of sulfur, respectively.13,45,67,106
Thus, there is a great scientific interest to develop effective deep desulfurization methods
to remove sulfur compounds from fuels.18,22,107,108 Concurrently, the recent recession in oil price
has driven commercial vehicle sales upwards, which increases the demand for transportation
fuels.109–111 While considerable amount of research has been invested into renewable energy, the
energy sector has also focused toward producing more clean fuels derived from oil to meet the
rising demand. Conventional hydrodesulfurization (HDS) is currently the most common
desulfurization method used in oil refineries. However, to meet the stringent regulations of close
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to zero sulfur level, very high operating pressure, temperatures and significant hydrogen
consumption must be utilized; these severe conditions are accompanied by high cost and the loss
of fuel quality.18,112,113 Furthermore, conventional HDS of diesel fuels is particularly challenging
due to difficulty in removing refractory sulfur compounds, such as dibenzothiophene (DBT) and
other substituted DBTs. These conditions altogether make the HDS very expensive and impractical
in industrial settings.
To meet the demanding specifications, many desulfurization technologies have been
explored either to completely substitute or to compliment the current HDS technology. Some
alternative techniques include oxidative desulfurization114–116, alkylation117,118, extraction119,120,
biodesulfurization121,122 and adsorptive desulfurization.123–126 Among these, sulfur removal via
adsorption (adsorptive desulfurization) has been the most promising technique due to the ability
to process sulfur-free liquid fuels at ambient conditions. Despite being cost-effective and
environment-friendly, the desulfurization performance highly depends on the type of adsorbent. A
wide variety of materials have been studied as sorbent materials for sulfur, such as carbon

127,128

,

oxides106,129–131, mesoporous materials132–136, and zeolites.23,55,64,137–140 The Y zeolite, in particular,
has been widely investigated due to the unique faujasite (FAU) pore structure, large surface area,
and available surface acidity. The three-dimensional channels, cages and pore diameter of 7.4 Å
give the Y zeolite molecular-sieve and shape selective properties, allowing only certain guest
species to enter.141 These properties of Y zeolite make this material one of the most effective
zeolites in adsorptive desulfurization. However, the unique microporous nature of the Y zeolites
imposes diffusion limitations to refractory sulfur molecules. Additionally the low Si/Al ratio of
2.43 of the Y zeolite results in high Brønsted acid sites (BAS), which play a significant role in
sulfur adsorption.61,142–145
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To overcome the aforementioned limitations, various functionalities, such as mesoporosity
and metals, need to be introduced to the zeolite Y. The introduction of mesoporosity allows for
more

bulkier

sulfur

compounds,

such

as

dibenzothiophene

(DBT)

and

4,6-

dimethyldibenzothiophene (4,6-DMDBT), to enter the zeolite cages, thus improving accessibility
to the active sites. Fu et al. investigated the removal of 4,6-DMDBT through HDS on mesoporous
zeolite Y as a support and found that the mesoporosity is favorable for mass transfer and access of
aforementioned bulky molecules, consequently increasing the adsorption capacity by 38%
compared to the corresponding parent HY zeolite.146 The introduction of metal cations can
contribute to high selectivity and/or capacity for sulfur. Yang et al. performed pioneering studies
on the role of ion-exchanged Y zeolites with transition metals on the desulfurization of
fuels.23,147,148 The group demonstrated that Ag-, Cu-, and Ni-exchanged Y zeolites exhibit high
capacities for thiophenic molecule adsorption, among which CuY performs the best by producing
15 mL of thiophene-free model fuel per gram of sorbent. They suggested that the adsorption
mechanism proceeds via π-complexation and they found that competitive adsorption becomes a
major limitation when other aromatics and foreign species are present in the liquid mixture. Song.
et al. determined that CeY has the highest selectivity for removing sulfur from jet fuels due to the
strong direct sulfur-metal (S-M) interaction, rather than via π-complexation.46,70 This has been
confirmed by Wang et al. when they demonstrated that CeY is selective to thiophenes compared
to olefins in the same hydrocarbon feed.137 Mesoporous materials with metals have been
investigated recently for sulfur adsorption. Yang et al. investigated metal halides supported on
mesoporous MCM-41 and SBA-51 for the desulfurization of light jet fuel in a fixed-bed adsorption
setup.133 Oliver et. al studied the adsorptive desulfurization of jet fuel using Ag impregnated
MCM-41 and mesoporous silica nanoparticles (MSN), which exhibit adsorption capacities of 32.6
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mg S/g and 25.4 mg S/g, respectively.149 In a more recent study, the group synthesized mesoporous
S-impregnated zirconia-silica framework and studied its ability to remove BT, DBT, 4-6-DMDBT
and naphthalene in a batch process. The combination of Ag and mesoporous silica substantially
increased the adsorption capacity to 39.4 mg S/g.136 However, all the aforementioned studies have
been performed using zeolites with relatively high Si/Al ratio. Limited studies have been reported
so far in investigating the use of mesoporous Y zeolite.150 Since it has been already demonstrated
in the literature that the Y zeolite is one of the best sorbents for the sulfur removal due to their
unique acid sites and ion exchange capability, it would be very interesting to investigate the role
of mesoporosity in this type of zeolite.
Thus, the objective of this work is to prepare, characterize and test the role of mesoporous,
ion-exchanged Y zeolites on the adsorptive removal of sulfur compounds from liquid fuels.
Mesoporosity has been created by using two top-down methods. Ce and Cu were ion exchanged
in both the parent and the mesoporous Y. The desulfurization tests have been performed in a fixed
bed column, using model fuels spiked with thiophene, benzothiophene and dibenzothiophene. Our
results demonstrate that there are diffusion limitations for the refractory sulfur compounds, which
can be successfully overcome using mesoporous Y zeolites. Furthermore, metal-exchanged
mesoporous Y zeolites are very promising in selectively removing the sulfur compounds.

4.2

Materials and Methods

4.2.1 Preparation of metal-exchanged mesoporous Y zeolites
Fresh NH4Y zeolite with Si/Al = 2.43 was purchased from Zeolyst International.
Mesoporous Y has been prepared using two top-down methods: a) desilication (DS) and b)
surfactant-assisted (SA) method. Details on the preparation methods can be found in the
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literature.68,75,151 Briefly, desilication has been performed in a 0.05 M NaOH solution, followed by
ion-exchange using 0.1 M NH4NO3 and calcination at 550 °C for 5.5 hours.151 Surfactant-assisted
method has been conducted with acid washing of NH4Y using 0.58 M of citric acid, base treatment
using 0.16 M hexadecyltrimethylammonium bromide (CTAB) and 4.4 M ammonium hydroxide
(NH4OH), followed by calcination at 550 °C for 5.5 hrs.75 Ion-exchanged zeolites were prepared
using an ion-exchange method with 5 wt% of the desired metal element. Metal precursors
Ce(NO3)3·6H2O and Cu(NO3)2·2.5H2O with at least 99.99% trace metal were purchased from
Sigma-Aldrich. To ensure a complete exchange, zeolites and metal precursors were allowed to stir
at room temperature for two full days, followed by subsequent washing and drying. The dried
materials were then calcined at the same conditions described previously. The final step involved
the reduction of metal ions using pure hydrogen gas at 350 °C for 3 hours. To prepare metalexchanged mesoporous zeolites, mesoporous DS and SA Y zeolites were ion-exchanged with the
desired metal precursor using the same ion-exchange procedure as the parent Y, followed by
calcination and reduction.
4.2.2 Reagents
To create a controllable environment and for more credible comparison with the literature,
reagent grade n-octane purchased from Sigma Aldrich was used as a model fuel (solvent). The
octane was spiked with pure thiophene (TP), benzothiophene (BT) and dibenzothiophene (DBT),
all of which were purchased from Sigma Aldrich. For individual testing, 50 ppmw, 100 ppmw and
150 ppmw of TP, BT and DBT, respectively, were prepared. A model fuel containing all three
sulfur compounds was also prepared and tested to represent conventional commercial fuels more
closely.
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4.2.3 Material characterization
Crystallinity and microporosity of the materials have been characterized using X-ray
diffraction, obtained using a Bruker D8 advanced x-ray diffractometer. Pore structure and surface
area were determined using a Micromeritics ASAP 2020 analyzer and the data were analyzed
based on the Brunaeur, Emmert and Teller (BET) method. Brønsted acid sites (BAS) and Lewis
acid sites (LAS) in the zeolite as well as metals were qualitatively and quantitatively characterized
by pyridine and CO adsorptions, respectively, using a Nicolet 6700 Fourier transform infrared
spectrometer (FTIR) equipped with a diffuse reflectance (DRIFT) cell by Harrick. The total
amount of metals in the zeolites was determined using an inductively coupled plasma coupled with
a mass spectrometer (ICP-MS) following a microwave digestion method.152 The presence of metal
ions and metal oxides on ex-situ calcined and reduced zeolites were also characterized using a
Shimadzu UV-26000 UV-Vis spectrophotometer.
4.2.4 Fixed-bed adsorption experiment
To test the desulfurization performance of each adsorbent, a fixed-bed adsorption column
was custom made. A 30 cm quartz column with a 3/8” outside diameter (OD) and a built-in frit
was used to support the adsorbent. The column was packed with zeolite powders until a bed height
of 2.5 cm has been reached, fixing the residence time at approximately 0.1 hrs. The zeolite weight
varied between 0.3-0.5 g depending on the zeolite content (e.g. presence of metals and/or
mesoporosity). The metal-modified samples were reduced under H2 flow at 350 °C for 1 hour.
Metal-free zeolites such as the Parent Y, surfactant-assisted Y and desilicated Y were activated
under N2 flow at 350 °C for 1 hour. The change in color to white after the reduction step confirms
that the metal-incorporated zeolites have been activated. Temperature-programmed reduction
(TPR) results show distinct Cu(I)Y peaks at 250 °C and 350 °C in the supercage and sodalite cage,
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respectively. A model fuel was fed into the column at a flow rate of 0.05 mL/min and the effluent
was collected every 0.5 mL until a saturation point was reached. The sulfur content of the effluents
was quantified by a chromatography system equipped with a sulfur chemiluminescence detector
(GC-SCD).
4.2.5 Heat of adsorption by adsorption isotherm
Adsorption isotherms were collected by a batch method. Solutions containing BT or DBT
dissolved in octane with concentrations ranging from 100 ppmw to 600 ppmw were prepared. 5mL
of sulfur solution and 50 mg of sorbent were placed inside a flask and allowed to stir for 5 hours.
The two adsorption temperatures were 20 °C and 50 °C. After adsorption, the solution was washed
and the supernatant liquid was collected and analyzed for sulfur content using the GC-SCD.

4.3

Results

4.3.1 Characterization results
The retention of the original faujasite crystal structure is important for creating sulfur
removal and ion-exchange sites. Figure 4.1 shows the XRD results for the parent Y, the
mesoporous Y prepared by SA and DS methods, and the Ce and Cu-exchanged Y. Comparing to
that of the Y zeolite, the peak intensities for 5% CeY and 5% CuY were reduced due to the presence
of foreign entities. Additionally, no peaks of oxides were identified. The mesoporous Y showed a
decrease in XRD patterns, where DSY showed lower peak intensity compared to SAY. These
reductions in peak intensities were expected, and they suggest that the modifications on the parent
material do in fact reduce the crystallinity of the parent Y.153 Nonetheless, most of the
characteristic trends were preserved as shown by the diffraction patterns.
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Figure 4.1: XRD patterns of parent and modified Y zeolites: (i) Parent Y, (ii) DSY, (iii) SAY,
(iv) CuY, (v) CeY.

Figure 4.2(a) shows the N2 adsorption/desorption isotherms of all the materials. As
expected, the parent Y is very microporous as shown by the high nitrogen uptake at low relative
pressure. When mesoporosity is introduced, a reduction in microporosity was observed for both
the SAY and DSY. The difference between two types of mesoporous materials (SA and DS)
becomes clearer on the pore size distribution graph created by the Density Functional Theory
(DFT) method, which is presented in Figure 4.2(b). The SAY shows a uniform distribution of
pores ranging between 20-50 Å, whereas the DSY displays a broad range of pores up to about 100
Å. These results are consistent with the literature.68 Table 4.1 confirms that the mesopore area and
pore volume are increased significantly for the mesoporous materials. The N2 isotherms for 5%
CeY and 5% CuY show a slight decrease in the isotherm plateau due to the presence of foreign
entities, which is consistent with the reduction of peaks intensity reported by XRD.154,155 The
metal-exchanged mesoporous zeolites depict a combination of trends, wherein the mesopore area
and volume were greatly enhanced and the isotherms were slightly decreased due to the presence
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of metal ions. Figure 4.2 and Table 4.1 are convincing characteristic results that suggest retention
of crystal structure of the modified Y zeolites.
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Figure 4.2: (a) Nitrogen adsorption-desorption isotherms and (b) DFT pore size distribution of
the parent and modified Y zeolites.

Table 4.1: Surface areas and pore volumes of parent and modified Y zeolites.

Material
Parent Y
SAY
DSY
CeY
CuY
CeSAY
CuSAY

Stot
(m2/g)
574
693
646
550
628
648
637

Smicro
(m2/g)
530
373
446
500
394
413
411

Smeso
(m2/g)
43.9
319
201
50.1
57.2
235
226

Vtot
Vmicro
Vmeso
(cm3/g) (cm3/g) (cm3/g)
0.282
0.246
0.036
0.373
0.172
0.201
0.368
0.206
0.162
0.273
0.232
0.041
0.281
0.229
0.052
0.342
0.190
0.152
0.336
0.190
0.146

To quantify the acid sites on the sorbent materials, pyridine adsorption experiments were
carried out. Pyridine is commonly used as probe molecule for surface acidity detection as the
molecule can form pyridium ions with BAS and can bond molecularly to LAS via electron transfer,
both of which can be detected using FTIR. Figure 4.3 shows the FTIR results obtained from the
pyridine adsorption experiment, where the BAS gives vibration peaks at 1543 cm-1 and LAS at
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1453 cm-1. As expected, the parent Y contains a high amount of BAS due to the high number of
framework alumina. The SAY zeolite shows a reduction in BAS/LAS ratio, suggesting a shift from
framework to extra-framework alumina due to the introduction of mesoporosity, as presented in
Table 4.2. A more significant shift was reported for the DSY zeolite due to the severe desilication
procedure used to introduce mesoporosity. An interesting phenomena was observed for the metalexchanged Y materials. The introduction of Cu to the parent Y increases the LAS, which is
accompanied by a decrease in BAS. On the contrary, pyridine adsorption on CeY revealed higher
number of BAS compared to LAS. Similar pyridine adsorption results on CeY and CuY have been
reported in previous studies.156–158 The reason for contrasting BAS/LAS ratios between the two
metals could be related to the way the metals are distributed, which will be discussed based on the
CO adsorption results in the next section. The determination of total amount of metals was carried
out using an ICP-MS. The amount of Cu and Ce metals in each Y-type adsorbent is reported in
Table 4.2. The ICP results show that the metal content in each metal-modified material is close to
5 wt%, which validates the ion-exchange procedure and agrees with the theoretical values.

1543: Lewis acidity

Absorbance (arb. units)

1543: Brönstead acidity

(v)
(iv)
(iii)
(ii)
(i)
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1500

1450

1400

1350

Wavelength (cm-1)

Figure 4.3: FTIR spectra of pyridine adsorption on parent and modified Y: (i) Parent Y, (ii)
DSY, (iii) SAY, (iv) CuY, (v) CeY.
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Table 4.2: Brønsted and Lewis acid sites, and metal content in each adsorbent.
Brøsted
Lewis
Ce**
Cu**
Acidity*
Acidity*
(wt%) (wt%)
Material
(µmol / g cat) (µmol / g cat) Ratio
Parent Y
113.9
30.2
3.77
SAY
98.2
35.0
2.81
DSY
56.6
43.9
1.29
5.5
CeY
82.1
20.5
4.00
4.9
CuY
43.7
69.3
0.63
5.6
CeSAY
4.6
CuSAY
* Brønsted and Lewis acid sites were calculated using pyridine adsorption
** Ce and Cu metal content were determined using ICP-MS

CO is one of the most-used probe molecules for investigating oxidation and coordination
states of ions. The kinetic diameter of a CO molecule is 0.376 nm which enables it to easily access
the interconnecting channels and pores of the Y zeolite.159,160 Figure 4.4 shows the FTIR spectra
of CO adsorption on parent Y and ion-exchanged Y zeolites. The various vibrational peaks
correspond to CO interactions with different active sites within the zeolite. Figure 4.4(a) illustrates
the FTIR spectra of CO adsorbing onto CeY. At low partial pressure of CO, the IR spectrum is
relatively flat. As the partial pressure of CO increased, three vibrational peaks at 2170, 2119, and
1636 cm-1 emerged, which could be easily desorbed upon evacuation. This finding suggests the
absence of CO-to-metal interaction. To confirm this, a spectrum of CO adsorption on parent Y was
included in Figure 4.4(a) and it was observed to be very similar to that of physisorbed CO on CeY.
The broad band on the far right at 1636 cm-1 represents the interaction of CO with the
aluminosilicate framework.161 At 80 °C, almost all the physisorbed CO has been desorbed from
CeY. Figure 4.4(b) shows the FTIR spectra of CO adsorption on CuY zeolite. The main difference
with CuY is seen at low partial pressure of CO. Two very stable characteristic peaks at 2144 cm-1
and 2158 cm-1 correspond to Cu on active sites II and II’, respectively, both of which are located
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on the hexagonal planes of the sodalite cages.159,162,163 These stable peaks confirmed that CO was
chemisorbed on CuY, as opposed to being physisorbed on parent Y and CeY, as shown previously.
At elevated CO concentration, new vibrational bands are formed as a result of the decomposition
of the initial monocarbonyl species to Cu(I)-(CO)2 dicarbonyl species. The bands at 2158 and 2179
cm-1 correspond to asymmetrical and symmetrical stretches of dicarbonyl CO on Cu(I) at site
II.159,162 The peak at 2137 cm-1 suggests that some monocarbonyl Cu(I)-CO are still present at high
CO partial pressure. A higher temperature (ca. 180 °C) was required to remove the strongly bound
CO from CuY.
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1636: CO-zeolite

2153: Cu(I)-(CO)2 at II'

2119: Physisorbed CO

(v)

Intensity (arb. units)

Intensity (arb. units)

2158: Cu(I)-CO at II

Parent Y

(iii)
(ii)

2144: Cu(I)-CO at II'

(iv)
(iii)
(ii)

2179: Cu(I)-(CO)2 at II

2137: Cu(I)-CO at II'

(i)

(i)
2200

2000

1800

2300

1600

2250

2200

2150

2100

2050

2000

Wavelength (cm-1)

Wavelength (cm-1)

Figure 4.4: FTIR spectra of CO adsorption on (a) CeY and (b) CuY at the following conditions:
(i) 0.25% CO, (ii) 5% CO, (iii) outgassed at 80 °C, (iv) outgassed at 150 °C, and (v) outgassed at
180 °C. The dotted lines (- - -) represent the spectra after outgassing

The difference in strength of chemisorbed CO on Ce or Cu can be explained by
understanding the faujasite structure and its active sites. Metal cations can occupy three main sites
in the zeolite framework. Site I and I’ are located at the center of the hexagonal prism and inside
the sodalite cage, respectively. Site II and II’ are located at the faces of the 6 membered ring. A
schematic showing the available actives sites is included in Figure 4.5. The Y zeolites exhibit sites
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I, I’, II, and II’. Upon ion-exchange, the metal cations occupy only site II. During calcination, the
cations migrate toward the hidden sites (eg. sites II’, I’ and I). Cu cations have shown to favor any
coordination sites, while higher charged cations, such as Ce, exhibit greater affinity for type I and
I’ sites.164–166 The pores leading to these sites, however, are relatively small and would not permit
the access of CO molecules, and hence the absence of chemisorbed-CO vibrational peaks on CeY
samples.

Figure 4.5: Schematic of Y zeolite unit cell and corresponding active sites.

The oxidation state at which the metal-modified materials are used during characterization
and testing is important for consistency and precision. This is because uncontrolled layers of oxide
forming on the metal ions can prevent or weaken the adsorption of thiophenic molecules.55,106 As
previously demonstrated, small amounts of oxides or metal cations favoring the internal sites
cannot be detected by XRD or FTIR. One way to confirm the oxidation state of ion-exchanged
zeolites is via UV-Vis spectroscopy. Figure 3.6(a) shows the UV-Vis spectroscopy results of
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Parent Y and CeY. The broad band at 250 nm typically refers to metal oxides, which are exhibited
by oxidized CeY (CeY ox). The reduced form of CeY shows four characteristic peaks at 222 nm,
237 nm, 254 nm, and 281 nm. According to the literature, the bands at 222 nm and 281 nm are
attributed to the transfer of bond charge from O → Ce4+, while the bands at 237 nm and 254 nm
are assigned to O → Ce3+ bond charge transfer.167,168 This confirms that the reduced CeY used in
adsorption tests was activated. Figure 4.6(b) displays the UV-Vis spectrum of Parent Y and CuY.
The peak at 212 nm confirms the presence of Cu+ metal ions. Unfortunately, due to the rapid
oxidation of CuY, the broad band from 600 nm to 1200 nm prevents the characterization of Cu2+
on activated CuY and oxidized CuY (CuY ox).169 The emergence of oxidation peaks could be
eliminated if the activation of zeolites was performed in-situ, but the absence of temperature
programmed accessory of UV-Vis prevented the study. Nonetheless, both physical appearance and
TPR results confirmed that the zeolites used for the fixed-bed experiments were indeed activated.
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Figure 4.6: UV-Vis spectra of Parent Y, (a) CeY, and (b) CuY zeolites.
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4.3.2 Fixed-bed adsorption results
Figure 4.7 shows the breakthrough curves of each of the three different thiophenic
compounds on a selection of zeolite materials. Figure 4.7(a) shows the adsorption behavior of 50
ppmw of TP on parent Y and CeY. 5 mL/g of sulfur-free model fuel were produced. This finding
demonstrates that the incorporation of metals does enhance desulfurization performance. Figure
4.7(b) shows the breakthrough curve of 100 ppmw BT in octane. Mesoporous SAY zeolite has
also been tested to understand if there are any diffusion limitations during adsorption. However,
the breakthrough curve of SAY is very similar to that of the parent, which suggests that diffusion
limitations of BT to the active sites of the parent Y zeolite do not exist. An increase in adsorption
capacity of about 5 mL/g is observed when CeY or CuY were used as the adsorbent, suggesting
that metal incorporation improves the TP and BT uptakes. The same sorbent was used for the
desulfurization of DBT, but the breakthrough curve of metal-modified Y zeolites no longer
improved the sulfur uptake capacity, as seen in Figure 4.7(c). One possible reason is that the sulfur
compounds with higher kinetic diameter cannot enter the micropores, thus preventing interactions
with the active sites in the sodalite cages. Mesoporous DS and SAY zeolites have been tested and
a significant improvement in adsorption capacity was observed as an additional 50 mL/g of sulfurfree was produced. This enhancement suggests that diffusion limitations play a significant role on
the adsorption of DBT. The addition of metals to the mesoporous SAY (ie. CeSAY and CuSAY)
further increases DBT uptake by about 10 fold, resulting in the production of 125 mL/g of sulfurfree fuel. These results suggest that metal-exchanged mesoporous zeolites enhance both diffusion
and selectivity for larger thiophenic compounds.
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Figure 4.7: Breakthrough curves of (a) TP, (b) BT, and (c) DBT on different adsorbents.

To evaluate the interaction between the sulfur compounds, 100 ppmw of each sulfur
compound was mixed in octane and used as feed. Parent Y, CeSAY and CuSAY were used as
adsorbents. Figure 4.8(a) shows the breakthrough curve of the simulated liquid fuel on parent Y.
The parent Y zeolite produced approximately 15 mL/g of fuel, which could be due to the strong
acidity of the material. The adsorption kinetics of each sulfur compound, however, is quite similar,
suggesting the absence of selective adsorption. Figure 4.8(b) displays the adsorption of sulfur
compounds on CeSAY. A significant increase in sulfur capacity was observed, where high BT and
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DBT capacities of 75 mL/g and 100 mL/g were obtained, respectively. The selectivity of each
sulfur compound on CeSAY increases in the order of TP < BT < DBT. The different elution times
depend on the interaction of each sulfur compound with Ce metal ions. Among them, DBT exhibits
the highest electron density, which contributes to the strongest linkage with Ce.170,171 The strength
in electron density decreases with BT followed by TP, which is consistent with the corresponding
breakthrough times. Figure 4.8(c) represents the adsorption behavior of model fuel on CuSAY.
Similar to CeSAY, the metal-exchanged mesoporous zeolite showed an increase in sulfur capacity
compared to the parent Y. The elution times for the different sulfur compounds followed the same
order as that of CeSAY. However, earlier elution times were observed with CuSAY, in particular
for BT and DBT as shown in Figure 4.8(c). As discussed earlier, the interactions in which Cu and
Ce metals engage with sulfur molecules are different. Transition d-block metals, such as Ni and
Cu tend to form π-complexations with neighboring aromatic molecules via back-donation of
electron density to the π orbitals.64 The f-block elements, such as Ce, on the other hand, prefer to
selectively form direct σ bonds to nearby molecule.70 Because DBT possesses the highest electron
density among the existing sulfur molecules, the Ce ions will most likely bind stronger to DBT
than to BT or TP. This explains the higher elution time of BT and DBT on CeSAY compared to
CuSAY, which would otherwise be bound via a relatively weaker π-bond interaction. The
breakthrough curve of total sulfur is presented in Figure 4.8(d). In conjunction with the individual
testing of each compound, metal-exchanged mesoporous zeolites have shown, again, to be the
most effective and selective adsorbent for desulfurizing transportation fuels.
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Figure 4.8: Breakthrough curves of model fuel on (a) NH4Y, (b) CeSAY, (c) CuSAY and (d) all
sorbents.

4.3.3 Determination of isosteric heat of adsorption
Isosteric heats of adsorption were calculated to determine the strength of each sorbent when
interacting with sulfur molecules. The objective is to correlate the heat of adsorption (∆Hads) values
of each material to the corresponding breakthrough performance. The isosteric heats of adsorption
differ from calorimetric experiments, such that the values are derived from the analysis of
adsorption isotherms at two varying temperatures.172 Analogous to vapor-solid adsorption, the

61

enthalpy of adsorption based on the Clausius-Clapeyron equation for liquid-phase adsorption can
be written as:
∆𝐻 = −𝑅𝑇 2 (

𝜕 ln 𝐶
)
𝜕𝑇 𝑞

Equation 4.1

where C is the equilibrium sulfur concentration (ppmw), T is the adsorption temperature (K), q is
the amount of adsorbed sulfur (mmol/g), and R is the universal gas constant. Assuming that the
adsorption behavior of sulfur follows the Langmuir isotherm173, the equilibrium data can be fitted
to the following equation:
𝑞=

𝐾𝐿 𝑄𝑚 𝐶
1 + 𝐾𝐿 𝐶

Equation 4.2

where KL is the Langmuir constant and Qm is the maximum amount of adsorbed sulfur. Table 4.3
shows the adsorption parameters and the corresponding heats of adsorptions. TP is not included in
this study because bulky sulfur compounds were the main focus. Moreover, TP has been widely
studied in the literature.173,174 CuY exhibits the highest ∆Hads values as strong adsorption exists
between the Cu metal and the sulfur molecule. The calculated ∆Hads values of BT and DBT are
also close to those calculated by other groups.159,174 As expected, the adsorption of BT and DBT
on the parent Y zeolite is not as strong as on CuY, as also suggested by the breakthrough curves.
The similar ∆Hads values of BT and DBT on parent Y shows that the sorbent is not selective and
can adsorb equal amount of sulfur compounds, as shown by the breakthrough curve in Figure
4.8(a). ∆Hads values of CuSAY and Ultrastable Y were also determined to investigate the influence
of pores on sulfur adsorption. The reported ∆Hads values are relatively low, which suggest that the
introduction of mesoporosity or the loss of framework alumina could reduce the adsorption
strength between the sulfur and the sorbent.
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Table 4.3: Langmuir isotherm parameters and isosteric heats of adsorption for BT and DBT
adsorbed on different adsorbents.

Material
Parent Y

CuY

CuSAY
USY

4.4

T
Sorbate (° C)
BT
20
50
DBT
20
50
BT
20
50
DBT
20
50
DBT
20
50
DBT
20
50

KL
(g/mmol)
0.03980
0.01380
0.04234
0.01812
0.01302
0.00611
0.03677
0.00742
0.02994
0.01190
0.00411
0.00248

Qm
(mmol/g)
6.740
5.440
4.524
3.212
0.758
0.375
2.909
1.911
3.613
3.632
2.469
2.395

-∆Hads
(kJ/mol)
21.32
22.74
41.94
30.46
15.56
15.30

Discussion
The goal of the study was to investigate the role of metal-exchanged mesoporous Y zeolites

for the adsorptive desulfurization of fuels. Y zeolites are excellent candidates for sulfur adsorption
because of their unique pore structure and high density of BAS. Our hypothesis was that the
introduction of mesoporosity would allow larger molecules such as DBT to access the internal
active sites of the micropores via σ-bonding or π-complexation. Such modification, however, is
inevitably accompanied by the loss of some acid sites. Consequently, the change in active site
density will impact the surface chemistry and thermodynamic equilibrium. Meanwhile, metal
cations can be introduced into the structure via the ion-exchange method to enhance the selectivity
of sulfur compounds. Ion exchange capacity of zeolites is determined by the number of Brønsted
acid sites. Reducing the acid sites would result in less ion-exchanged metals in the zeolite, making
the zeolite less selective.
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Up until now, encouraging results have been reported in literature using mesoporous
zeolites175, or siliceous mesoporous MCM-41 or SBA-15. Metals have also been loaded in MCM41 and SBA-15 materials.176 However, to the best of our knowledge, studies on metal-exchanged
mesoporous Y zeolites for adsorptive desulfurization are scarce or otherwise limited to batch
processes only.123,128,177 Thus, the novelty of this study comes from the intuition that the
combination of both functions of metal-exchanged mesoporous Y zeolites can significantly
improve the adsorptive desulfurization in a fixed-bed application. Hence, CeSAY and CuSAY
zeolites were prepared to test this hypothesis. Figure 4.7(c) confirms the remarkable results from
desulfurizing model fuels with CeSAY and CuSAY. Capacity for DBT was significantly increased
especially with CuSAY, which reported a 75 mL increase in sulfur-free fuel. To examine the
viability of our method, past studies have been compared. Shah et. al investigated the adsorptive
performance of Cu-containing SBA-16 which exhibited a capacity up to 40 mL/g for DBT
dissolved in n-octane.178 Li et. al performed desulfurization experiments on oxygenated-based
activated carbons which effectively removed 60 mL/g of DBT from n-octane.179 Among these
materials,

metal-exchanged

mesoporous

Y

zeolites

have

demonstrated

predominant

desulfurization performance with a high DBT capacity of 125 mL/g. This shows that the proposed
metal-exchanged mesoporous zeolites can perform just as effective as other well-distinguished
sorbents for desulfurization, if not better.
The strong adsorption capabilities of metal-exchanged mesoporous Y zeolites are also
demonstrated in Figure 4.8. DBT exhibits relatively higher electron density than other sulfur
molecules, which makes it highly favorable for adsorption on the active sites. The presence of
DBT causes steric hindrance due to its high kinetic diameter of ~9 Å71, and inability for other
molecules to access the active sites, suggesting that diffusion can be a limiting factor. The mass
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transfer limitations can be overcome by making the parent Y mesoporous. As pore access becomes
possible, the thermodynamic equilibrium constant increases, which results in higher sulfur uptake.
For smaller sulfur compounds such as TP and BT, the relatively smaller kinetic diameters allow
them to access the supercage freely and subsequently the active sites without any diffusion
limitations. The comparable breakthrough slopes of TP, BT and DBT suggest that the role of
kinetic rate on sulfur adsorption is inconclusive. Thus, we suggest that the adsorptive
desulfurization by metal-exchanged mesoporous Y zeolites is mainly driven by thermodynamics.
By eliminating diffusion and selectivity limitations, metal-exchanged mesoporous zeolites show
high tendency in adsorbing higher amounts of sulfur, especially the refractory sulfur compounds
such as DBT.
Our results indicate that Cu has a higher capacity than that of Ce in the adsorption of single
sulfur compound. Analysis of our FTIR results clarifies and distinguishes the difference on the
location of Ce and Cu metals. In Figure 4.4, chemisorbed CO is absent from the CeY spectrum,
whereas strongly-adsorbed CO was observed in the CuY spectrum. CeY occupies very obscure
locations such as Site I and I’ which are too confined for CO to enter.165,180 Ce cations favor the
migration into the hidden sites, because they can form higher coordination bonds with 6 oxygen
ligands.165 The pores leading to these sites, however, are relatively small and would not permit the
access of CO molecules. Hence, the absence of chemisorbed-CO vibrational peaks on CeY
samples. Sites II and II’ occupied by Cu, on the other hand, are very approachable by CO, as well
as for the adsorption of thiophene and other relevant compounds. However, in the mixture of
multiple sulfur compounds, Ce cations have shown to be more selective for DBT removal due to
strong direct S-M bonds. This could be due to the migration of Ce cations in hidden sites toward
the supercage as a result of the tendency to form high energy complexes with thiophenes via the
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strong σ bond interaction.166 These results suggest that the affinity of thiophenic molecules to
adsorb on the active sites would depend on the type of metal and its location.
It is also interesting that the affinity of each ion-exchanged material to adsorb each sulfur
compound follows the same trend. The elution time is held longest for DBT adsorption, followed
by BT and TP subsequently, as shown in Figure 4.7. To confirm this adsorption trend, a mixture
of model fuel containing all three sulfur compounds simultaneously were tested on metalexchanged mesoporous zeolites. Figure 4.8 shows that that DBT is most strongly adsorbed
compared to BT and T, confirming the aforementioned trend. This leads us to conclude that DBT
exhibits the highest electron density among the competing molecules and thus, would form the
highest energy bond with the active site. The validation of this conclusion using computational
studies will be the objective of our upcoming work.
Heats of adsorption were also measured to determine the nature and bond strength
exhibited between thiophenes and zeolites using the isosteric method.173 In fact, this particular
study was directed mainly toward investigating the effects of metals such as Cu on the heat of
adsorption. Results showed that ∆Hads is the highest for CuY for both BT and DBT compounds,
which is up to twice as much compared to the parent Y. The increase in ∆Hads shows that Cu metals
are responsible for stronger sulfur adsorption, which increases the bond strength between the
sorbent and the sorbate. This also indicates that the higher adsorption energy is thermodynamically
favored, thus increasing the sorbate uptake at equilibrium on CuY. Notice however, a decrease in
∆Hads for DBT adsorbed on the same sorbent, which is consistent with the unchanged breakthrough
curves as a result of diffusion limitation. To confirm the hypothesis, the ∆Hads of DBT on CuSAY
was measured and the results showed a decrease in energy value. As explained previously, the
introduction of mesoporosity may grant access to diffusion into the internal sites, but the trade-off
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is a reduction of adsorption sites. Nonetheless, the heat of adsorption calculation is a useful tool
for comparing binding energies of different aromatics.
The design of metal-exchanged mesoporous Y zeolites explores the balance between the
embodiment of active metals and mesopores for adsorptive desulfurization of liquid fuels. For
instance, overloading of metals can cause formation of oxides that may block zeolite active sites.
Also, mesoporosity should be introduced carefully to avoid uncontrolled desilication of material.
Our results have shown that most of the crystal structure and microporosity of modified materials
were retained. However, if the materials were recycled and regenerated for further adsorption
studies, we would expect some physical change over time depending on the method of
regeneration.23,148 The impact of regeneration on the lifetime of sorbent is an important subject
from economic and environmental standpoints, thus will be addressed in our next studies. Overall,
good correlation has been demonstrated between theoretical insight and experimental results as
shown by the good agreement between breakthrough performance and the predicted ∆Hads of each
material.
Finally, it should be pointed out that in this study a linear hydrocarbon – octane - has been
used as a model fuel. However, fuels like gasoline or diesel contain a vast number of other
chemical components, which might have an inhibiting effect on the adsorption of sulfur
compounds. For example, aromatic molecules may compete with the sulfur compounds for the
same adsorption sites in zeolites, thus inhibiting the adsorption of the latter. The viability and
practicality of metal-exchanged mesoporous zeolites in the presence of other aromatic
hydrocarbons, such as benzene, toluene and naphthalene should be explored in future studies.23,156
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4.5

Conclusions
Breakthrough measurements of adsorptive desulfurization have been investigated on parent

Y, mesoporous Y, metal-exchanged Y and metal-exchanged mesoporous Y zeolites. metalexchanged mesoporous zeolites, prepared by ion-exchanging mesoporous SAY zeolites with Ce
or Cu, exhibit high sulfur adsorptive properties. The experimental results showed that CuSAY
zeolite produced 125 mL/g of DBT-free liquid fuel, followed by 100 mL/g by CeSaY. metalexchanged mesoporous zeolites enhance both accessibility to the active sites and selectivity for
thiophenic compounds with high kinetic diameter. This enhancement is driven by the presence of
metals which create more active sites to bind with the sulfur either via π-complexation or the direct
S-M σ bond. The incorporation of mesoporosity can provide access of bulky sulfur compounds to
the active sites. For each material tested, the preference for adsorbing sulfur compounds from
octane followed the order of TP < BT < DBT. This trend agreed with the ∆Hads values of each
sorbent-sorbate interaction. In a model fuel containing a mixture of all sulfur compounds, CeSAY
exhibited the highest sulfur capacity due to strong selective adsorption. This study shows that
metal-exchanged mesoporous Y zeolite is a promising candidate for industrial deep desulfurization
of transportation fuels. Finding the optimum balance between the pore structure and metals in a
metal-exchanged mesoporous zeolite is essential for maximizing capacity and selectivity for sulfur
compounds.
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Chapter 5
REMOVAL OF BENZOTHIOPHENE AND DIBENZOTHIOPHENE FROM
HYDROCARBON FUELS USING CUCE MESOPOROUS Y ZEOLITES IN THE
PRESENCE OF AROMATICS

5.1

Introduction
Recent decline in crude oil price has reinforced the utilization of processed fuels in various

sectors such as industrial, infrastructure, commercial and transportation.18 The 55% drop in oil
price since 2013 sees a consequential decrease in the price of processed fuels, such as commercial
gasoline, diesel fuel and jet fuel as seen in Figure 5.1.181 Furthermore, the discovery of new oil
reserves promotes interest in the utilization of fossil-based fuels, especially in the transportation
sector.182 Hence, while renewable energy (e.g. based on biomass resources183,184) is still receiving
considerable attention, adequate supply and reasonable cost of fossil-based fuels inevitably
promote the production of gasoline and diesel. The increasing demand in fossil-based fuels,
however, quickly become a global concern when lethal emissions into the atmosphere are taken
into account. According to the Environmental Protection Agency (EPA), transportation fuels
contribute about 50% of nitrogen oxide (NOx) and 5% of sulfur oxide (SOx) emitted annually.185,186
The SOx emission may seem insignificant, but it has been proven that only a small amount of sulfur
contamination, could lead to catalytic converter failures or even fuel cell electrode poisoning.4,67
If sulfur levels are not properly monitored, traces of sulfur oxides can impede the activity of
automotive catalysts and electrocatalysts by altering the surface properties and consequently,
influencing the efficiency and activity of the catalysts.187 Without proper implementation of sulfur
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removal mechanism, the emitted SO2 can react with water vapor in the atmosphere to form sulfuric
acid, which is one of the precursors of acid rain.16,17
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Figure 5.1: Prices of Petroleum Products since 2004.181

To prevent this growing problem, the EPA has introduced mandatory transportation fuel
regulations, which limit the sulfur concentrations in gasoline and diesel fuel to 10 and 15 ppmw,
respectively.10 While the aforementioned sulfur standards may be attainable by conventional
desulfurization methods, fuel cell membranes require their electrolytes to contain less than 1 ppmw
of sulfur.16,17 Furthermore, refractory sulfur compounds in diesel fuel such as thiophene-derived
compounds are very stable, rendering the cleavage of C-S bond impossible without involving
excessive energy. Due to their refractive and abundant nature, considerable amount of sulfur
compounds can still be found in fuels after the fluid catalytic cracking (FCC) process.3,188,189
Conventional hydrodesulfurization (HDS) is widely used in the refinery to remove sulfides,
mercaptans and thiophenes. HDS, however, lacks the capability to produce zero-level sulfur fuels
without the use of energy-intensive conditions, such as high pressure and hydrogen consumption.18
At these severe conditions excessive hydrogenation of aromatics in fuels negatively affects other
properties of fuel, such as Research Octane Number (RON) etc.
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Adsorptive desulfurization can be a promising alternative or complementary technology to
HDS, because it has the potential to be regenerative, cost-effective, environment-friendly, while
operating at ambient conditions. The streamlined design and synthesis of such adsorbents can
render sulfur removal rational towards intensified on–purpose technologies. The utilization of
zeolites as liquid-phase sulfur adsorbents is receiving significant attention lately, as they have
shown to be very effective in gas-phase sulfur removal in the 1990s.190–192 As a result, the synthesis
and modification of novel adsorbents have received tremendous attention in adsorptive
desulfurization. Among the widely discovered sulfur-selective adsorbents128,131,133,136,139,140,
faujasite (FAU) Y zeolite has shown to be a promising sorbent material due to the unique 3dimensional (3D) pore structure and available active (acid) sites. The average-sized micropores of
7.4 Å and inter-connecting sodalite cages allow only certain molecules to access the internal active
sites located in their supercage.68 The highly dense Brønsted acid sites (BAS) act as an adsorption
platform by donating proton to nearby adsorbate molecules. While this is highly advantageous in
the removal of small molecules in various adsorption applications47,193–197, the microposority of Y
zeolites may restrict the transport of refractory sulfur compounds with large kinetic diameter, such
as dibenzothiophene (DBT) and other alkyl-branched dibenzothiophenes. Moreover, competitive
adsorption imposed by the presence of aromatics, such as benzenes and naphthalenes in gasoline
and diesel fuel, respectively, can also impede the selectivity of sulfur compounds. Thus, the overall
desulfurization performance could be significantly compromised. These challenges can altogether
cause a major drawback in the effort to meet federal sulfur standards assigned by the EPA.10
It is clear that the aforementioned challenges must first be apprehended before adsorptive
desulfurization can become an industrially viable technology. The physical and chemical
properties of Y zeolite can be easily altered by tuning the Si/Al ratio either via desilication or
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dealumination techniques.68 Furthermore, the relatively high amount of protons in acidic Y zeolites
make them ideal materials for ion-exchanging metal cations. Many research groups have taken
various steps to modify the Y zeolite using different state-of-art techniques, such that the masstransfer resistance and selectivity limitations of the parent material can be overcome. One approach
to minimize diffusion limitations is by introducing mesopores via a bottom-up synthesis or a topdown modification.68 Mesoporous materials with pores ranging from 2 – 50 nm have been
extensively studied and utilized for various applications, especially in catalysis.198–201 More
recently, mesoporous zeolites have proven to be promising sorbents in the desulfurization of liquid
fuels. Tian et al. investigated the sulfur removal from model fuel containing various thiophenic
compounds and found that desilicated H-beta zeolite removes about twice as much total sulfur,
compared to the parent beta zeolite.175 In relation to this, the Wang group suggested that the sulfur
capacity of jet fuel increases by three-fold with the large pore SBA-15 compared to the parent
zeolite.202 A similar result was also observed by Yang et al. as mesoporous materials, such as SBA15 and MCM-41, improved the mass transfer of sulfur compounds to the adsorption sites, when
used as supports.176 While the introduction of larger pores may improve the kinetics of these larger
molecules, the role of adsorption equilibrium on the overall desulfurization performance should
not be completely ignored. The introduction of mesopores will inevitably cause a partial loss of
active sites responsible for adsorbing sulfur. One effective way to introduce mesoporosity without
sacrificing too much microporosity, is by using a hydrophobic mesopore-template as demonstrated
by

Li

et

al.203

They

synthesized

mesoporous

aluminosilicate

(MAS)

using

cetyltrimethylammonium bromide (CTAB) as a directing agent and discovered that it exhibits 20%
higher sulfur adsorption capacity compared to NaY and MCM-41 for the desulfurization of diesel.
Furthermore, as demonstrated by Oliver and co-workers136, the pore size optimization of silica-
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zirconia templated by dodecylamine (DDA) allows for better sorbent regenerability and higher
adsorption capacity of 12.4 mgS.g-1 compared to its counterpart templated by the longer
hexadecylamine (HDA).
As previously discussed, the introduction of mesoporosity may inevitably remove some
internal active sites responsible for sulfur adsorption. This loss can be replenished by incorporating
active metal cations with high sulfur affinity. The role of metals in the selective adsorption of
sulfur has been studied in the past. Yang and colleagues were pioneering founders of the strong πcomplexation sorbents.204 They conducted gas-phase desulfurization experiments and molecular
orbital calculations on CuY and AgY in the presence of thiophene and benzene, and showed that
the materials exhibited higher adsorption capacity compared to NaY. These promising results
allowed the Yang group to extend the excellent performance of π-complexation sorbents, as well
as other newly developed sorbents, such as NiY and ZnY, toward liquid-phase desulfurization,
with CuY reporting the highest sulfur capacity.64,139,147,148,205 The π-type interaction displays
remarkable capacity of sulfur, however, becomes ineffective if competing additives are present in
the fuel.70 Song et al. realized this potential drawback and proposed σ-forming sorbents that can
adsorb thiophenes more selectively via the direct σ-bond.65,70 They showed that NiY was able to
adsorb 1.7 times more sulfur from commercial gasoline compared to CuY, which led them to
explore other high positive charge cations including f-block elements, such as Ce that have the
tendency to complex with the S atom directly. The selective nature of σ-type sorbents has been
confirmed by other groups in different desulfurization studies.106,138,206 In a similar work, LaHUSY
was used to selectively remove BT and DBT in the presence of naphthalene153, which demonstrates
the ability of lanthanides to form two types of bonding with the sulfur compounds. Yang et al. also
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investigated the effect of both naphthalene and benzene on the removal of BT using modified
activated carbons.126
In our previous work207, we introduced a novel desulfurization sorbent that exhibits high
sulfur capacity with low mass transfer resistance. The metal-exchanged mesoporous Y zeolites
contained hierarchical pores designed to eliminate diffusion limitations, while keeping an adequate
amount of internal active sites for sulfur adsorption. Commercial fuels contain various types of
organic compounds, and thus their role in adsorptive desulfurization must not be neglected. In this
study, we rationally introduced bimetals into our hierarchical zeolites to further enhance the
selective adsorption of sulfur compounds from a model fuel mixture. The utilization of bimetallic
systems on adsorption has yet to be fully understood, as only limited studies of metal combinations
exchanged in zeolites have been reported. One of the pioneers was Song and co-workers when
they found that CuCeY displayed a 3-fold increase in adsorption capacity of model gasoline
compared to CuY.140 They proposed that this improvement was due to the synergistic interaction
between Cu and Ce. Wang et al. have demonstrated that the desulfurization performance of NiCeY
in removing DBT from a feed of 5% toluene and 95% octane, is higher compared to the
performance of NiY and CeY.123 More recently, a group from Northeast Petroleum University in
China presented encouraging results on deep adsorptive desulfurization using bimetal-exchanged
Y zeolites.208,209 They showed that in both batch and fixed-bed adsorption, CuCeY can adsorb
more sulfur from a model fuel containing toluene or cyclohexane via the π-complexation and S-M
bond interactions compared to the monometallic counterpart. With benzothiophene (BT) being the
biggest sulfur compound tested, the breakthrough point was extended by at least 50 mL/g and 30
mL/g on CuCeY compared to CeY and CuY, respectively. To the best of our knowledge, there are
no studies on the adsorptive desulfurization performance of bimetal-exchanged mesoporous Y
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zeolites in a mixture of aromatics. Hence, the current work highlights the role of metals, bimetals
(Cu and Ce) and mesoporosity in Y zeolites on the desulfurization of model fuels, containing
benzothiophene and dibenzothiohene, in a fixed-bed adsorber. The influence of benzene and
naphthalene as a competing aromatic in the fuel has been tested. Mechanistic studies have also
been performed to correlate the mechanism of sulfur adsorption to each metal-exchanged zeolite.

5.2

Materials and Methods

5.2.1 Preparation of bimetal-exchanged mesoporous Y zeolites
CBV300 (NH4Y) was obtained from Zeolyst International and used as starting material.
The preparation of mesoporous Y was conducted using the surfactant-assisted (SA) method
developed by Garcia-Martinez et al.68,75 Metal-exchanged mesoporous Y was prepared by first
tailoring the mesoporous Y, followed by ion-exchange using either Ce or Cu nitrate precursors to
make CeSAY or CuSAY, respectively. The mesoporous Y zeolite is labeled as “SAY.” The
procedure and conditions have been described in our previous work.207 To prepare bimetalexchanged CuCeY or bimetal-exchanged CuCeSAY, the zeolites were first ion-exchanged with
Ce nitrate precursor due to higher ion-exchange selectivity, followed by ion-exchange with Cu
nitrate precursor.210 Ce exhibits higher ion-exchange selectivity to replace protons in the zeolite
extra-framework, thus should be introduced first prior to Cu.162,166 Both SAY and metal-exchanged
zeolites were calcined at 525 °C to evaporate undesired organics.
5.2.2 Reagents
Three model fuels were prepared: 1) reagent grade n-octane + 20 wt% benzene; 2) reagent
grade n-octane + 1% naphthalene; 3) reagent grade n-octane + 1% methyl-naphthalene, to simulate
commercial jet and diesel fuels, respectively.211,212 The aforementioned model fuels were spiked
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with 100 ppmw of benzothiophene (BT) and 100 ppmw of dibenzothiophene (DBT). All the
chemicals and reagents were purchased from Sigma Aldrich.
5.2.3 Material characterization
Transmission electron microscopy (TEM) studies were carried out in a FEI Talos F200X
microsope operating at 200 kV. The instrument is equipped with a X-FEG field emission source
and a super X-EDS system. A small amount of zeolite suspended in ethanol was deposited onto a
carbon-film copper grid. Once the ethanol has been evaporated, the copper grid was placed into
the TEM to observe the crystallinity and porosity of the zeolites, as well as the presence of metal
nanoparticles. Surface area, pore volume and surface structure of the materials, which had been
outgassed at 120 °C, were characterized using a Micromeritics ASAP 2020 analyzer and the data
were analyzed based on the Brunaeur, Emmert and Teller (BET) method. The bulk content of
metals in the zeolites were determined using an inductively coupled plasma with a mass
spectrometer (ICP-MS). The reduction conditions of the materials were characterized by
temperature-programmed reduction (TPR) in 3% H2 using a PerkinElmer Pyris 1
thermogravimetric analyzer (TGA). Each material was subjected to a temperature ramp from 50
°C to 1000 °C at a rate of 5 °C/min, and the temperature at which the weight loss occurs was
recorded, while the amount of H2 consumed was used to estimate the metal content.
5.2.4 Fixed-bed adsorption experiment
All adsorption-breakthrough experiments were conducted in a custom-made quartz column
with an outside diameter of ¼” and a height of 26 cm. The column was packed with 0.2-0.3 g of
zeolite powders until a consistent height of 3 cm has been reached. Prior to each adsorption
experiment, the column containing the packed-bed of metal-free zeolites was activated at 450 °C
for 2 hours under constant N2 gas flow. Metal-containing zeolites were activated in H2 gas at the
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same conditions as above. After activation, the column was allowed to cool under flowing N2 or
H2 to prevent contact with air. Next, the model fuel was allowed to flow through the packed bed
at 0.05 mL/min flow rate. A gas-chromatograph (GC) vial was placed right below the column exit
to collect 0.5 mL of effluent droplets at consistent time intervals. The collected effluents were
transferred to a GC system equipped with a sulfur chemiluminescence detector (GC-SCD) for
analysis of sulfur content, and the collected data was used to construct a breakthrough curve.
5.2.5 Adsorptive mechanistic studies by infrared spectroscopy
Diffuse Reflectance Infrared Fourier Transform Spectra (DRIFTS) were collected using a
Nicolet 6700 Fourier transform infrared (FTIR) spectrometer equipped with a DRIFT cell made
by Harrick Scientific and ZnSe window dome. Each spectrum was recorded using 32 scans with a
resolution of 4 cm-1 at increments of 50 °C from 100 °C to 500 °C for BT and from 200 °C to 500
°C for DBT. The FTIR spectrometer was connected to a stainless steel line, mass flow controllers
and a Edwards T-Station 75 turbomolecular vacuum pump to allow in-situ study of sulfur
adsorption and desorption. About 20-30 mg of zeolite powder was loaded into the DRIFT cell and
degassed at 450 °C under N2 or H2 flow for 2 hours. After being cooled down to 100 °C, BT vapor
was introduced from a reservoir onto the zeolite and allowed to adsorb for about 10 minutes until
saturation was achieved. After adsorption, the sample was purged, evacuated and then subjected
to temperature-programmed desorption (TPD) until the regeneration of the original sample was
observed. As for DBT, the sulfur solids were added directly to the sample after cooling and allowed
to adsorb at 200 °C, followed by the same desorption steps described above. The analysis of all
spectra was done using OMNIC 9.4 software.
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5.2.6 Diffusion measurements by infrared spectroscopy
DRIFTS spectra of each sample were collected at a desorption temperature of 473 K under
a vacuum pressure of 10-5 mbar. Relevant spectral envelope of DBT spectrum (ca. 1500 cm-1 to
1350 cm-1) was integrated over the Y zeolite overtone bands (ca. 2100 cm-1 - 1750 cm-1) were
monitored by taking a series of scans. The spectra were collected using the same method described
in Section 4.2.5. To determine the diffusion coefficient, the slope of the desorption curve within
the first minute was measured and substituted into the following equation200:
𝐷𝑛𝑠 =

𝜋 2
𝑟 (𝑠𝑙𝑜𝑝𝑒)2
4

Equation 5.1

Where Dns is the nonsteady state diffusion coefficient and r is the particle radius. The initial slope
represents the linear relationship between the rate of desorption and the square root of time,
enabling the comparison of diffusion length and mass transfer between samples.200,213 While Dns
may yield a qualitative perspective of the diffusivity of DBT, the values are likely to be perturbed
by the presence of physisorbed molecules in the nearby vicinity. In order to exclusively account
for chemisorbed DBT, the values must be corrected by a factor of CT/C0:
𝐷𝑠𝑠 =

𝐶𝑇
𝐷
𝐶0 𝑛𝑠

Equation 5.2

Where Dss is the steady state diffusion coefficient, CT is the concentration of adsorbed DBT in the
zeolite, and C0 is the initial concentration of DBT introduced into the DRIFTS cell. CT can be
obtained from calibration curves measured over each zeolite. The calibration curves were derived
from the integration of DBT desorption bands over the same Y zeolite overtone bands.
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5.3

Results

5.3.1 Characterization results
TEM images of the parent Y, SAY and CeCuY were taken at low magnification to prevent
the destruction of samples by the electron beam. The images were captured at the edges of these
zeolites to avoid any amorphous region that may arise from the material modification procedure,
as well as to elucidate the quality of crystal structures. Figure 5.2 shows the structural properties
of the parent Y at the nanoscale level. Micropores, as small as 1 nm, were observed (Figure 5.2(b)).
Figure 5.2(c) highlights the diffraction pattern of the sample, confirming the crystalline nature of
the parent Y. TEM images of the modified Y zeolites are shown in Figure 5.3. Figure 5.3(a) shows
that the mesoporous Y zeolite contains pores around ~4 nm, which is close to the size of the CTAB
micelle.75 In Figure 5.3(b), Scanning Transmission Electron Microscopy (STEM) equipped with
elemental mapping highlights Cu and Ce in the CeCuY zeolite. The size of the unreduced metal
nanoparticles is relatively small (~2-3 nm) compared to the size of a zeolite particle (~500 nm)
and they are well-dispersed in the zeolite extra-framework. Notice that each metal occupies distinct
sites in the zeolite.
The physicochemical properties of the materials characterized by N2 adsorption/desorption
are summarized in Table 5.1. As previously shown, the presence of foreign entities, such as Ce
and Cu cations, slightly reduced the surface areas and the microporosity of the parent Y.207 The
introduction of mesopores (eg. SAY, CeSAY, CuSAY, CuCeSAY) reduce the microporosity,
while increasing the mesopore suface area and volume of the parent Y. While this is expected,
crystallinity of all materials are still comparable as suggested by our previous studies.207 The SAY
zeolites displayed an increase in surface area and pore volume with pores ranging between 20-50
Å. The chemical composition of the metal-exchanged materials determined by ICP-MS are also
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summarized in Table 5.1. The ICP results show that the metal content in each metal-modified
material is within the theoretical value of 5 wt% of metal loading, validating the ion-exchange
procedure.

Figure 5.2: Low-magnification TEM images of Y zeolite (a) nanoparticles, (b) micropores and
(c) diffraction pattern.

Figure 5.3: (a) Low-magnification TEM image of mesoporous (SAY) zeolite and (b) STEM
image of bimetallic (CeCuY) zeolite.

80

Table 5.1: Physical and chemical properties of parent and modified Y zeolites.
Stot
Smicro
Smeso
Vtot
Vmicro
Vmeso
Material
(m2/g) (m2/g) (m2/g) (cm3/g) (cm3/g) (cm3/g)
Parent Y
574
530
43.9
0.282
0.246
0.036
CeY
550
500
50.1
0.273
0.232
0.041
CuY
528
475
52.8
0.281
0.229
0.052
CuCeY
549
492
57.2
0.284
0.221
0.063
SAY
692
426
319
0.373
0.192
0.201
CeSAY
648
413
235
0.342
0.190
0.152
CuSAY
637
411
226
0.336
0.190
0.146
CuCeSAY
646
419
227
0.362
0.198
0.164
** Ce and Cu metal content were determined using ICP-MS

Ce**
(wt%)

Cu**
(wt%)

5.5
2.5
5.6
3.1

4.9
2.7
4.6
2.7

The TPR profile of metal-exchanged and mesoporous metal-exchanged Y zeolites has been
previously reported.63 Prior to exposure to H2, the materials were first calcined in-situ under N2 at
500 °C for 1 hour and allowed to cool to 50 °C. According to the TPR profile of metal-exchanged
Y zeolites, the reduction peak that appears just below 200 °C can be attributed to the reduction
from Cu2+ to Cu+.214 The TPR profile of CeY exhibits a broad peak at ca. 600 °C, which indicates
a reduction from Ce4+ to Ce3+, consistent with that reported in the literature.156,215 While the peaks
are not as obvious when plotted on the same scale as CuY, a proper rescale of the peak around 600
°C shows the reduction peak of Ce cations as indicated in the inset. The low intensity of Ce
reduction peak could be due to the location of Ce cations on the internal sites of zeolite that require
higher H2 pressure to reduce. Nonetheless, the presence of Ce cations has been verified by ICP
following a strong digestion procedure to leach the cations out of the sodalite cages. The
incorporation of both metal cations into the Y zeolite results in a reduction peak similar to that of
CuY. The TPR profile of CuCeY also shows a slight shift of reduction peak to higher temperature,
displaying the influence of Ce on the dispersion and reduction behavior of Cu cations.
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5.3.2 Fixed-bed adsorption results
Figure 5.4 shows the breakthrough curves of BT and DBT in a mixture of 80% n-octane
and 20% benzene on parent and modified Y zeolites. Figure 5.4(a) shows that BT breaks through
very early on parent Y and reaches saturation within 5 mL/g of feed. When Ce cations were
incorporated in the Y zeolite, the breakthrough point was extended from 0.5 mL/g to 8.5 mL/g
indicating an increase in the adsorption of BT. CuY showed an even higher adsorption capacity of
about 12 mL/g, before traces of BT compounds were detected. An interesting observation to
consider here is the different slope of the breakthrough curves. It seems that the kinetics of BT
adsorption on the CeY and CuY are different. This might be attributed to the different
configurations of BT adsorption on the two metals. When both Ce and Cu cations were used in the
Y zeolite, the ability to adsorb BT increased even more to 15 mL/g of sulfur-free fuel.
The adsorptive desulfurization of DBT in the presence of benzene is presented in Figure
5.4(b). Similar to BT, the adsorption capacity of the parent Y is very poor. Previous studies have
shown that the poor performance of Y to remove refractory sulfur compounds, such as DBT and
4,6-DMDBT, can be attributed to diffusion limitations.150,176,207,216 To overcome the
aforementioned challenges, SAY was used as a sorbent. It successfully produced at least twice the
amount of DBT-free effluent compared to parent Y. The addition of Ce cations to the mesoporous
SAY (CeSAY) did not improve the desulfurization performance, most likely due to the allocation
of Ce cations on sites that are inaccessible for DBT to enter. CuSAY, on the other hand, showed
remarkable improvement in the adsorption capacity of DBT, as the addition of Cu cations extended
the breakthrough point from 10 mL/g to 20 mL/. The promising performance of bimetal Y on BT
removal, along with the encouraging results of metal-exchanged mesoporous Y, motivated the use
of bimetal-exchanged mesoporous Y (CuCeSAY) for the DBT removal. As observed in Figure
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5.4(b), CuCeSAY dramatically increases the adsorption capacity of DBT to more than 30 mL/g of
clean fuel.

(a)
100

80

60

40

20

Y
CeY
CuY
CuCeY

0
0

5

10

15

20

25

30

35

40

Concentration of Sulfur (ppmw)

Concentration of Sulfur (ppmw)

100

(b)

80

60

40

Y
SAY
CeSAY
CuSAY
CuCeSAY

20

0
0

Volume per Sorbent Weight (mL/g)

10

20

30

40

50

Volume per Sorbent Weight (mL/g)

Figure 5.4: Breakthrough curves of (a) BT and (b) DBT in a mixture of 80% n-octane and 20%
benzene on various Y zeolite adsorbents.

Although significant amount of BT exists in the gasoline range fuels, some BT and
especially all DBT is found in the diesel. Diesel also contains aromatics such as naphthalenes and
alkyl-naphthalenes. To understand the effect of the simultaneous presence of heavier aromatics on
the adsorption of BT and DBT, we performed adsorption experiments using model fuels containing
1 wt% naphthalene and 1 wt %1-methyl-naphthalene in n-octane.
Figure 5.5 shows the adsorption results of BT and DBT in the model fuel containing 1%
naphthalene in n-octane. As expected, the parent Y zeolite exhibits the lowest BT and DBT
capacities and the presence of naphthalene only exacerbates the relatively poor sulfur uptake. For
the desulfurization of BT, both metal-exchanged zeolites show higher adsorption capacity, with
CeY removing up to 1.5 mL/g and CuY about 2.5 mL/g on BT, respectively (Fig.5.5(a)). This
trend is similar to that observed in the removal of BT in 20% benzene. By combining both Ce and
Cu, the breakthrough is extended to 5 mL/g of BT-free fuel, confirming that the synergy between
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the two metals leads to stronger adsorption of sulfur. Figure 5.5(b) displays the effect of
naphthalene on the desulfurization of DBT. Both SAY and CeSAY displays slightly higher DBT
capacity compared to parent Y. The presence of Ce did not improve the desulfurization
performance. This phenomenon can be attributed to the limited accessibility of the metal, which
has been discussed previously. CuSAY, on the other hand, drives the adsorption capacity to 20
mL/g of clean fuel, which is higher than the capacity observed by CeSAY and SAY. The best
sorbent is still, by far, CuCeSAY with a DBT adsorption capacity of about 45 mL/g. This suggest
that the synergistic interaction between Ce and Cu metals plays an important role on the adsorption
of refractory sulfur compounds, while the mesoporosity yields higher bulk mass transfer to the
internal active sites. While naphthalene is predominant in diesel and jet fuels, other aromatic
hydrocarbons, such as alkyl-naphthalenes are also present, and can affect the selective adsorption
of BT and DBT. Figure 4.6 shows the effect of another aromatic compound (1-methylnaphthalene) on BT and DBT removal. Both Figures 5.6(a) and 5.6(b) show that the breakthrough
may occur earlier. This result could be due to steric hindrance imposed by the methyl group on
naphthalene. Nonetheless, results still indicate that CuCeSAY can still maintain a relatively high
sulfur capacity, despite the presence of competing aromatics with similar structure.
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Figure 5.5: Breakthrough curves of (a) BT and (b) DBT in a mixture of 99% n-octane and 1%
naphthalene on various Y zeolite adsorbents.
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Figure 5.6: Breakthrough curves of (a) BT and (b) DBT adsorbed over CuCeSAY in a mixture of
99% n-octane and 1% naphthalene or 1% 1-methylnaphthalene.
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5.3.3 In-situ DRIFTS studies
The adsorption mechanism of sulfur compounds from liquid fuels highly depends on the
type of metals in the zeolite and their interaction. To understand the mechanism of BT and DBT
adsorption on (bi)metallic zeolites, we performed in-situ DRIFTS experiments in a temperature
and atmosphere controlled reaction chamber. Figure 4.8 shows the DRIFT spectra of BT on (I)
CuY, (II) CeY and (III) CuCeY zeolites recorded from TPD under vacuum in the (a) zeolite region
and in the (b) C=C region. Vibrational bands ranging from 3500 cm-1 to 3750 cm-1 are
characteristic of the zeolite hydroxyl region. The peak at 3743 cm-1 is attributed to terminal SiOH,
while the bands at 3545 cm-1 and 3635 cm-1 are attributed to hydroxyl groups in the zeolite
framework.75,159 Any peaks observed above 3000 cm-1, are attributed to vibrational stretches of CH bond of the aromatic rings. Peaks ranging from 1600 cm-1 to 1300 cm-1 are mostly due to
vibrational stretches of C=C bond of the aromatic rings.

Benzothiophene adsorption on CuY
Figure 5.8(a)(I) and (b)(I) show the adsorption of BT on CuY. It appears that the acidic
hydroxyl sites (ca. 3545 cm-1 and 3636 cm-1) of CuY are occupied rapidly upon exposure to BT
vapor. A small change in the intensity of the 3743 cm-1 band can be seen, indicating that the
external silanol groups are also participating in the BT adsorption. However, sulfur compounds
exhibit higher affinity to adsorb onto the Brønsted acid sites compared to the silanol. As BT vapor
began to saturate the zeolite adsorption sites, new peaks start to appear. The band located at 3080
cm-1 is due to C-H stretching, which confirms the adsorption of BT. By subjecting the sample to
TPD, the physisorbed BT vapor is removed from the cell, and the chemisorbed BT can be studied
more closely. The adsorption of BT on CuY triggers vibrational stretches and bending of C=C
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bonds that consequently show up in regions below 1700 cm-1, as seen in Figure 5.8(b)(I). As CuY
undergo thermal desorption, vibrational bands at 1425 cm-1, 1450 cm-1, 1585 cm-1 and 1635 cm-1
are observed. To understand the significance of these bands, they can be compared to vibrational
bands of free BT and of BT-adsorbed on CuO (Figure 4.7(a) and Figure 5.7(b), respectively). In
the high wavenumber region, free BT exhibits a peak at 3080 cm-1, which is due to C-H vibration,
while the peak at 1460 cm-1 corresponds to symmetrical C=C vibrations. Upon adsorption of BT
on the zeolite surface, a shift in the frequency of vibration is expected due to the change in electron
density.137,217 Thus, the peak due to free BT may be shifted to higher or lower wavenumbers (blue
shift or red shift, respectively). A red shift in wavenumber suggests a decrease in vibration
frequency due to a reduction in electron density of the adsorbing species. This occurs when an
aromatic ring stacks above an active site via π-complexation, in which the metal cation
backdonates electron density to the anti-bonding π-orbital of the sulfur ring.218 Based on the
present BT desorption spectra, it can be suggested that the peak at 1425 cm-1 is attributed to the
symmetrical C=C stretching vibration of free BT, which has been shifted to a lower wavenumber.
The red shift of the C=C stretching peak suggests an elongation/deformation of the ring due to a
reduction in electron density, which can occur when BT ring is adsorbed on Cu via πcomplexation.
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Figure 5.7: IR spectra of (a) free benzothiophene (BT) and (b) BT on CuO at 100 °C.

Benzothiophene adsorption on CeY
Figure 5.8(a)(II) and (b)(II) show the IR spectra of BT adsorption on CeY. It appears that
BT adsorption on CeY exhibits the same IR bands generated on CuY, with the addition of an extra
peak at 1490 cm-1. This peak is attributed to C=C bonds. The appearance of this peak at higher
wavenumber relative to free BT (1460 cm-1) can be ascribed to an increase in electron density of
the BT ring, implying that the adsorption of BT on Ce occurs via direct σ-bond interaction, in
addition to π-complexation.171 These results suggest that Ce can adsorb aromatic sulfur compounds
via two types of adsorption modes, which makes it highly beneficial in selective adsorption of
sulfur in a mixture of aromatics. This phenomenon was also observed by other rare earth metals
or lanthanides-exchanged zeolites.145,218 One interesting observation is the existence of a shoulder
peak near the hydroxyl region at 3515 cm-1. This shoulder peak could be attributed to the
interaction of Ce cation on the type I’ site and the zeolite framework, which could lead to
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perturbation in the hydroxyl vibrational frequency.219 This scenario is absent from the CuY zeolite,
since Cu cations are mostly populated in the supercage.

Benzothiophene adsorption on CuCeY
Figure 5.8(a)(III) and (b)(III) show the IR spectra of BT adsorption on CuCeY. The peaks
are similar to the ones observed with CuY and CeY. These include vibrational bands at 1425 cm 1

and 1490 cm-1 which resulted from π-complexation and σ-bond interaction of BT and CeCuY

zeolite. Interestingly, in the case of CuCeY, the 3635 cm-1 vibrational band is not recovered even
at high desorption temperatures (500 °C). This observation suggests that higher temperatures are
required to completely desorb BT from the surface, which suggests a stronger interaction between
CuCeY and BT compared to the interaction of BT with CuY and CeY. This is also true in the C=C
region, where the C=C bond stretching is still apparent even at 500 °C. This result indicates strong
interaction between the sorbent and the sorbate. Another interesting observation is the presence of
bands below 3000 cm-1 on CeY and CuCeY, but not on CuY. These bands are usually characteristic
of sp3-hybridized C-H bonds, which could be due to the elongation of BT ring. This type of
interaction can only occur when there is a direct σ interaction as displayed by Ce and CuCeY.
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5.3.4 Mass transfer studies of mesoporous Y zeolite
To investigate the mass transfer limitations of DBT adsorption in Y zeolite, we conducted
desorption experiments via in situ DRFITS. The bands due to desorption of DBT (ca. from 1350
cm-1 to 1500 cm-1) were integrated over the zeolite overtone band (ca. from 2100 cm-1 to 1750 cm1

) in real time and were plotted against the square root of time, as shown in Figure 5.9. DBT

desorbs more rapidly on SAY compared to Y, as indicated by the steepness of the desorption
curves. This behavior can be attributed to the available mesopores in SAY, which allow DBT, a
relatively large sulfur compound, to diffuse more rapidly towards the internal active sites. For
qualitative comparison, the slope of each curve was taken to calculate the nonsteady state and
ultimately, the steady state diffusion coefficients of DBT on each zeolite, as depicted in Table 5.2.
Due to the incorporation of mesopores, SAY exhibits 4.5x the diffusivity compared to the
microporous Y. This result confirms that hierarchical pore zeolites can reduce diffusion limitation,
and thus effectively increasing the sulfur adsorption capacity, as shown by the breakthrough curves

Normalized Relative Intensity (arb. units)

in Figures 5.4, 5.5 and 5.6.
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Figure 5.9: Desorption of DBT at 473 K from Y and mesoporous Y (SAY) under 10-5 mbar.
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5.4

Discussion
In our previous work we studied the adsorptive desulfurization of BT and DBT on Cu, Ce

and CuCeY zeolites using n-octane as a model fuel.207 Motivated by the encouraging results of
that work, here, we investigate the adsorptive desulfurization of BT and DBT in the presence of
aromatic hydrocarbons. Our previous work showed that metal-exchanged Y zeolite exhibits high
sulfur adsorption capacity in n-octane. This present study has focused on: a) the effect of aromatics
on the adsorptive desulfurization of sulfur compounds from fuels, and b) the mechanism of
adsorption of sulfur compounds on Y zeolites. Benzene, naphthalene and methyl-naphthalene were
used as the competing aromatic molecules. Benzene is an aromatic molecule found in the gasoline
range fuel, but it was used is this study as the primary model molecule, due to the simplicity of its
structure. Naphthalene and methyl-naphtalene were also used as model aromatics, because they
are abundant in jet and diesel range fuels.
The breakthrough curves in Figure 5.4 reveal that the sulfur compounds show up much
earlier when benzene is present in the fuel, compared to the aromatic-free sulfur fuel.207 The
addition of benzene resulted in a decrease in breakthrough volume of about 5 mL/g on the parent
Y. According to the literature, Y zeolites can adsorb aromatic compounds via π-complexation
and/or direct H-bonding, but these interactions are relative weak and unselective.220 As a result,
the parent Y can adsorb benzene and thus, compromising the selective adsorption of thiophenic
compounds. Without benzene in the feed, CeY and CuY both reported very high adsorption
capacities for BT, where 35 mL/g and 65 mL/g of clean fuel were produced, respectively.207
However, in the presence of benzene, the same sorbents were not able to meet the same results;
thus, less than 15 mL/g of BT-free fuel was produced. The highest capacity of BT in the presence
of benzene, however, was displayed by CuCeY, which resulted to 15 mL/g of BT-free fuel. One
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interesting observation about these results is that the breakthrough curves show different
adsorption slopes. A steep slope was seen on parent Y and CeY, whereas a gradual increase in
sulfur concentration was displayed on CuY and CuCeY. The difference in slope could be attributed
to different adsorption kinetics, which are dictated by mass transfer to the active site and/or the
type of adsorption configuration.221–223 Ce cations have been shown to preferentially disperse
within the sodalite cage, which is too small for thiophenic compounds to enter. The limited amount
of accessible Ce sites cause the sorbent to be saturated more rapidly. Moreover, Ce cations have
shown to favor strong σ-bond formation by donating a 4f electron to sulfur, which could also
increase the adsorption kinetics.224 These characteristics of Ce result in fast adsorption rate, leading
to a steeper slope compared to Cu.
Similar trends were also observed on the removal of DBT. On parent Y, DBT broke
through as early as 3 mL/g of liquid feed, which is about 15 times faster than it was compared to
the desulfurization of the same compound without benzene.207 Note that the elution time of DBT
was longer relative to that of BT. In our previous work, we have shown that electron density
increases with the size of sulfur compound, which explains the tendency to adsorb of DBT to
adsorb more strongly than BT on the parent Y.207 The same trend is also observed on metalexchanged and SAY zeolites, confirming the preferential order to adsorb the aforementioned sulfur
compounds. SAY showed higher adsorption capacity of DBT, producing 8 mL/g of sulfur free
liquid fuel in the precence of benzene. In the presence of naphthalene and 1-methylnaphthalene,
CuCeSAY produced up to 45 mL/g and 40 mL/g of DBT-free fuel. As expected, the removal of
DBT is mass transfer limited due to the large kinetic diameter, and thus the introduction of
mesopores allowed the larger molecule to access the internal active sites of the micropores. The
effect of mesoporosity on the adsorption of DBT was also observed in our in situ IR studies.
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Results (not shown here) have displayed the lack of vibrational bands on parent Y zeolites,
indicating the absence of DBT adsorption. The easier diffusion of DBT in mesoporous Y compared
to the corresponding microporous was also confirmed by the diffusion measurements in Section
5.3.4.
Surprisingly, the breakthrough curve of CeSAY was similar to that of SAY, suggesting
little or no improvement of sulfur removal. According to the literature, Ce cations develop high
preference to coordinate mainly with type I’ sites, which are located in the sodalite cages.165,180
This may be the reason for the low adsorption capacity of CeSAY, since DBT may be too large to
access the sodalite cage. Meanwhile, 20 mL/g of DBT-free fuel was produced by CuSAY, which
is twice as much compared to metal-free SAY. This improvement is a result of the relatively strong
interaction that Cu metals can form with DBT via π-complexation and the more accessible type II
and II’ sites which Cu occupies.164,225
We also performed more modifications to our mesoporous Y material by ion-exchanging
mesoporous Y with two metal cations (Ce and Cu) to make CuCeSAY. While limited studies on
metal-exchanged mesoporous zeolites for sulfur adsorption have been reported, the role of bimetal
mesoporous Y zeolite has yet to be explored.150,177 Moreover, bimetal-exchanged zeolites have
been proven to possess high selectivity and capacity for sulfur compounds.171,209 The performance
of CuCeSAY is demonstrated in Figure 5.4(b), which shows a 3-fold increase in sulfur removal
capacity compared to the performance of SAY. To the best of our knowledge, this is yet the highest
DBT adsorption capacity observed. Yang and co-workers conducted similar fixed-bed adsorption
experiment of DBT in 20% benzene and 80% n-octane and showed that CuY had the highest
adsorption capacity by producing 20 mL/g of DBT-free fuel, followed by siliceous MCM-41 and
activated carbon (AC).226 This confirms our hypothesis that in addition to the enhancement in mass
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transfer, the synergistic effect of Cu and Ce metals increases the selectivity and capacity for DBT
in the presence of benzene. It is important to note that Ce alone does not possess high capacity of
sulfur as shown in Figures 5.4 and 5.5 for either BT or DBT. Additionally, the coordination of Ce
cations in the sodalite cages do not warrant easy access to these sites. Yet, the presence of Ce
seemed to play an important role when used as a secondary metal in CuCeSAY as demonstrated
from the breakthrough curve. According to Shan et al. the presence of Ce species in the extraframework speeds up the auto-reduction of Cu2+ to Cu+ and consequently enhances the density of
Cu+ cations, which is the optimum oxidation state to adsorb sulfur molecules.210 The tendency of
each metal to occupy different coordination sites in the extra-framework, as suggested by the TEM
images in Figure 5.3(b), leads to a higher probability that most of the active sites have been ionexchanged with either Ce or Cu. The resulting bimetal-exchanged mesoporous Y zeolite has shown
to exhibit exceptional desulfurization capabilities.
These results have also been confirmed by our desorption studies using in-situ DRIFT. As
demonstrated in Figure 5.7, the synergistic effect of Cu and Ce in zeolite Y leads to a relatively
high recovery temperature. Similarly, Figure 5.8 shows that it takes a higher temperature to
completely desorb DBT from CuCeSAY. It has also been shown that the recovery of the supercage
is relatively slower during the desorption of both BT and DBT. This suggests that the interaction
between the sulfur compounds and active sites occurs predominantly in the supercage. This also
explains the relatively low sulfur capacity of Ce and CeSAY compared to other modified material
(Figures 5.4 and 5.5), since Ce is mostly found in the sodalite cages. Although the adsorption of
sulfur on Ce is strong and selective, the location and the tendency to form strictly one-to-one σ
bond do not contribute to higher sulfur capacity. Meanwhile, CuY and CuSAY have shown higher
adsorption capacity because of the possibility of multilayer adsorption via π-stacking.227
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Nonetheless, the presence of Ce in the inner cages has shown to increase the strength and
dispersion of Cu. This is evidenced by both the remarkable breakthrough results shown by the
fixed-bed experiment, as well as the extremely strong sorbent-sorbate interaction shown by the
DRIFT analysis. The role of Ce on the electronic properties of Cu for sulfur adsorption will be
investigated in our future studies. The adsorption studies of both benzene and naphthalene also
shed light on the selectivity of bimetallic CuCeY and CuCeSAY zeolites. It was apparent that
benzene and naphthalene desorbed at lower temperature compared to BT and DBT, respectively.
Subsequently, the adsorption of the aromatics proceeded via π-complexation only, which makes
CuCeY and CuCeSAY more selective for sulfur compounds in the presence of competing
aromatics.

5.5

Conclusions
In this study we have explored the effect of aromatics, such as benzene, naphthalene and

methyl-naphthalene, on the adsorptive desulfurization of BT and DBT from model fuels. Among
the tested Y zeolite sorbents, bimetal-exchanged zeolites, prepared by ion-exchanging Y zeolites
with Cu and Ce, have shown to exhibit high capacity for BT. Such improvement is a result of the
synergistic interaction between the two metal cations that lead to stronger interaction with BT via
π-complexation and/or σ-bonding. Consequently, about 15 mL/g and 5 mL/g more BT-free fuel in
the presence of benzene and naphthalene, respectively, were produced using CuCeY, compared to
parent Y. During the adsorptive desulfurization of DBT, diffusion limitations and the presence of
benzene, naphthalene and methyl-naphthalene, severely affected the high capacity of zeolite. We
proposed that bimetallic mesoporous zeolite (CuCeSAY) would overcome these challenges. The
experimental results indicated that CuCeSAY exhibits relatively high DBT capacity of about 32
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mL/g in the presence of benzene, and 45 mL/g in the presence of naphthalene. The significant
removal of DBT was also attributed to synergistic effects of: a) the mesopores in Y, which
provided access for DBT to the metal cations, and b) of Cu and Ce in CuCeSAY, which resulted
in stronger interaction and more adsorption configurations. The tendency to adsorb the tested
sulfur compounds follow the order of BT < DBT, suggesting that the influence of electron density
on adsorptive desulfurization should not be neglected. From this study, the prepared CuCeSAY
has shown to exhibit high potential to become a prominent adsorbent material in commercial and
industrial applications. Our future goal is to implement this novel and industrially-viable
technology toward real gasoline, jet fuel and diesel.
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Chapter 6
ADSORPTIVE DESULFURIZATION OF 4,6-DIMETHYLDIBENZOTHIOPHENE ON
BIMETALLIC MESOPOROUS Y ZEOLITES: EFFECTS OF CU AND CE
COMPOSITION AND CONFIGURATION

6.1

Introduction
The recurring uncertainty in global oil price in recent years has contributed to several

implications in the energy world. The decline in fuel price has especially promoted vehicle sales
by about 30% since 2012, following the outburst of oil supply.228,229 Figure 6.1 shows an inverse
correlation between conventional gasoline and diesel fuel prices, and the U.S. vehicle car sales
from 2012 to 2016.181,230 While consumers take advantage of more affordable transportation fuels,
air quality and consequently human health are inevitably exposed to toxic pollutants emitted by
the rapid growth of automobiles, as shown in Figure 6.1.231 In view of the new U.S. energy policy,
the production of clean fossil-derived fuel will continue to remain the country’s main source of
energy.232,233 Afterall, 80% of the world energy consumption still relies on fossil fuels as an energy
source.2 As a result of discovery of new oil wells and development of advanced drilling
technologies, fossil-based fuels will continue to dominate the energy sector in the foreseeing
future. This is a great concern, because extensive consumption of fossil fuels inversely leads to
greater carbon and other toxic emissions.234
Among these emissions, sulfur remains one of the most harmful post-combustion
substances. The combination of its abundance in nature15 and continuous stringent regulations
imposed by the U.S. Environmental Protection Agency (EPA) to limit sulfur concentrations in
federal gasoline and diesel fuels, demands the development of effective and versatile deep
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desulfurization technologies.10 The current, state-of-the-art hydrodesulfurization (HDS) process
fails to remove refractory sulfur compounds, such as dibenzothiophenes and alkylateddibenzothiophenes, unless severe conditions are applied.18
19
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Figure 6.1: The effect of oil prices on total vehicle sales and carbon dioxide emission.228,229

Among these emissions, sulfur remains one of the most harmful post-combustion
substances. The combination of its abundance in nature15 and continuous stringent regulations
imposed by the U.S. Environmental Protection Agency (EPA) to limit sulfur concentrations in
federal gasoline and diesel fuels, demands the development of effective and versatile deep
desulfurization technologies.10 The current, state-of-the-art hydrodesulfurization (HDS) process
fails to remove refractory sulfur compounds, such as dibenzothiophenes and alkylateddibenzothiophenes, unless severe conditions are applied.18
Faujasite (FAU)-derived Y zeolites are great sorbent candidates for sulfur adsorption, due
to their high surface area, uniform microporosities and most importantly, available acidic
(Brønsted) active sites. While the aforementioned properties play effective roles in removing
smaller sulfur compounds, such as thiophenes (TP) and benzothiophenes (BT),207 the
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microporosity of the Y zeolite and the presence of structurally and chemically similar cyclic
hydrocarbons may restrict the desulfurization performance of refractory sulfur compounds with
large kinetic diameter, such as 4,6-dimethyldibenzothiophene (4,6-DMDBT).64,68 Consequently,
for enhanced desulfurization performance, the adsorption of 4,6-DMDBT must proceed without
diffusion limitations and selectivity challenges.
It is critical to synthesize adsorbent materials that can overcome the aforementioned
challenges to be commercially viable. Among the alternative desulfurization processes, adsorptive
desulfurization using zeolites is a very promising technology, which has shown tremendous growth
in adsorption capabilities ever since the pioneering work of Yang et al. and Song et al. 16,64,205,235,236
In fact, such efforts by pioneering groups have been recognized since decades ago. Yang and coworkers investigated the adsorptive desulfurization of transportation fuels, such as gasoline, diesel
and jet fuels using Cu(I)-, Ni(II)-, and Zn(II)-Y zeolites as sorbents, out of which Cu(I)-Y
outperforms the rest.139 The high adsorption capacity of Cu(I)-Y has been attributed to the strong
π-complexation interaction, as predicted by molecular orbital calculations. Song et al. screened
and evaluated various types of metal-exchanged zeolites (e.g. Cu, Ni, Zn, Pd, and Ce) for their
adsorptive capabilities of model jet fuel and commercial jet fuel.140 Among the tested metalexchanged zeolites, Ce-exchanged Y reported the highest adsorption capacity of sulfur compounds
within the vicinity of other aromatics, due to direct sulfur-metal (σ-bond) interaction. For example,
Ce4+, an f-block element, exhibits higher tendency to interact directly with the sulfur atom in the
ring via a σ-bond, rather than form π-complexes.237 More recently, bimetallic systems have been
widely studied to understand the synergistic effects of metal combinations.238 Song et al.
investigated the combination of transition metals and lanthanides in Y zeolites for the adsorptive
desulfurization of model fuels.209,239 Both CuCeY and AgCeY exhibited high adsorption affinity
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for thiophene or benzothiophene in the presence of toluene or cyclohexane, due to strong
synergistic interaction between the two metals. Wang and co-workers performed adsorptive
desulfurization experiments of dibenzothiophene in n-octane and toluene, and showed that NiCeY
exhibited much higher adsorption capacity compared to NiY and CeY.123 It is, therefore, evident
that the bimetal-exchanged zeolites are crucial for selective adsorption of sulfur, most likely
because the thiophene rings can interact with the metals via two types of adsorption modes (i.e. πcomplexation and σ-bond).
Besides selectivity, the adsorbent may also experience diffusion limitations when
refractory sulfur compounds are present. Specifically, the removal of 4,6-DMDBT and other alkylderived dibenzothiophenes is restricted by large kinetic diameters and steric hindrance. This
limitation can be ultimately controlled by inducing mesoporosity to the adsorbent material.
Hierarchical pore zeolites have been widely explored in several desulfurization processes, such as
oxidative desulfurization 240,241 and HDS.242,243 In 2009, Yang et al. realized that metal-exchanged
Y zeolite, such as CuY that exhibits excellent desulfurization performance may fail to remove
large sulfur compounds due to pore diffusion limitations.176 They demonstrated that AgNO3supported mesoporous sorbents produced significantly better desulfurization performance on highsulfur jet fuels.

Another research group synthesized hierarchical beta zeolites via alkaline

treatment, which exhibit 35% higher benzothiophene and dibenzothiophene capacity compared to
that of the parent zeolite.175 In our previous work, both ion-exchanged metals and mesoporous
zeolites have proven to play significant and distinct roles in effective, as well as, selective
desulfurization performance.207 Recently, we have investigated the mechanism of adsorptive
desulfurization over bimetal-exchanged mesoporous zeolites via molecular level experiments.
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Results suggested that the coexistence of Cu and Ce is highly important in the selective adsorption
of sulfur even in the presence of competing aromatics, such as benzene or naphthalene.63
This work exploits the adsorption selectivity and capacity of the previously studied
CuCeSAY for the removal of 4,6-DMDBT with and without the presence of aromatic compounds.
Additionally, the ratio and configuration of Cu/Ce are varied, and their resulting impact on the
selective adsorption of 4,6-DMDBT is evaluated. To the best of our knowledge, studies on
adsorptive desulfurization of 4,6-DMDBT are very limited, owing to the difficulty in removing
the aforementioned bulky and unreactive sulfur compound from diesel. In this study, we report the
results of dynamic adsorption tests of 4,6-DMDBT on mesoporous Y ion exchanged with Ce and
Cu. The adsorption tests were performed in the presence of naphthalene, and the regeneration and
lifetime of the adsorbents were investigated. The effect of metal composition and configuration is
also studied. To understand the impact of the different metals on the 4,6-DMDBT adsorption, we
performed fundamental studies using Fourier transform infrared spectroscopy (FTIR) under insitu conditions.

6.2

Experimental Section

6.2.1 Materials
Y zeolite (Si/Al = 2.43) in NH4 form was purchased from Zeolyst International.
Mesoporous Y zeolites were prepared using the surfactant-assisted method developed by GarciaMartinez et al.,68,75,76 which are labeled as “SAY.” Then, metal-exchanged mesoporous Y zeolites
were prepared using an ion-exchanged method described in our previous work.207 CuSAY
containing 5 wt% Cu and CeSAY containing 5 wt% Ce were produced. Bimetallic mesoporous Y
zeolites were synthesized by first ion-exchanging SAY with 2 wt% Ce at room temperature,
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followed by 2 wt% Cu to obtain CuCeSAY as the final product. The reason the metals were
introduced in this order has been explained previously.63 The modified zeolites were then washed
and dried at 80 °C overnight. All prepared zeolites were finally calcined at 535 °C for 6 hours. The
regeneration of the spent sorbent was accomplished by heating the zeolite in air at 500 °C for 5
hours, followed by reduction in H2 at 400 °C for 5 hours. The composition and configuration of
metals were also varied by changing the amount of metal exchanged and the order of exchange,
respectively.

The

resulting

bimetal-exchanged

mesoporous

zeolite

is

labeled

as

“(a%)Cu(b%)CeSAY,” where (a%) is the wt% of Cu and (b%) is the wt% of Ce. In a reverse
order, (b%)Ce(a%)CuSAY was also prepared. The metal loadings ranged from 2 wt%, 5 wt%, and
10 wt%. The regeneration conditions were realized from running a temperature gravimetric
analysis (TGA) on the saturated zeolite.
6.2.2 Reagents
The model fuel was prepared by dissolving 100 ppmw of 4,6-DMDBT in reagent grade noctane. A simulated diesel feed was also prepared by mixing 100 ppmw of 4,6-DMDBT and 1%
naphthalene into n-octane, as it is the solvent of choice for most adsorption studies. All chemicals
were purchased from Sigma Aldrich.
6.2.3 Characterization
The diffraction pattern and crystalline structure of each material were identified using a
Bruker D8 advanced X-ray diffractometer (XRD). Surface topographical analysis and surface
elemental mapping were performed on the materials using a FEI manufactured Quanta 250
Scanning Electron Microscope (SEM) coupled with Energy Dispersive X-ray Analysis (EDAX)
accessory. All samples were coated with gold prior to SEM characterization for better electron
conductivity. High-resolution transmission electron microscopy (TEM) images were also collected
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with a FEI Talos F200X microscope operated at 200 kV, for which the preparation procedures
have been reported previously.63 All samples were supported on a carbon-film copper grid. The
intrinsic location of metal cations were mapped using the scanning transmission electron
microscope-energy dispersive x-ray spectroscopy (STEM-EDS) detector. X-ray photoelectron
spectroscopy (XPS) measurements were performed with a Kratos AXIS Ultra DLD XPS system,
using monochromatic Al kα x-rays and 40 eV pass energy, for characterization of metal oxidation
state and quantification of the sample surface. The bulk metal loading in the zeolite was calculated
using an inductively coupled plasma equipped with a mass spectrometer (ICP-MS) after the
zeolites were treated with acid (concentrated HNO3 and HCl) digestion.
6.2.4 Fixed-bed adsorption experiment
A custom-made quartz column with an inside diameter of 3.95 mm and a length of 26 mm
was used to simulate a packed bed reactor. The catalyst bed, supported by a circular filter paper,
was packed with zeolite powders weighing from 0.2 to 0.3 g, keeping the bed height constant at
3cm. The packed catalyst bed was then subjected to thermal reduction under H2 flow 500 °C for 2
hours. Upon cooling to ambient temperature, liquid fuel was allowed to flow through the column
using a high-performance liquid chromatography (HPLC) pump at a rate of 0.05 mL/min. 0.5 mL
of fuel effluent was collected at consistent intervals and analyzed for its sulfur concentration using
a gas-chromatograph-sulfur chemiluminescence detector (GC-SCD).
6.2.5 Mechanistic studies by infrared spectroscopy
The mechanism of 4,6-DMDBT adsorption on various Y zeolites was studied by Diffuse
Reflectance Infrared Fourier Transform Spectroscopy (DRIFTS) using a Nicolet 6700 Fourier
transform infrared (FTIR) spectrometer and a DRIFT cell manufactured by Harrick. The cell was
equipped with a ZnSe window top dome and connected to a vacuum system of 10-5 mbar
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maintained by an Edwards T-Station 75 turbomolecular vacuum pump. The DRIFTS spectra were
recorded with 32 scans per spectrum at a resolution of 4 cm-1. The spectrum of fresh zeolite was
recorded and used as a background for subsequent scans. About 20-30 mg of zeolite was added to
the DRIFT cell, in which it was degassed at 475 °C under N2 or H2 flow. After 2 hours, the zeolite
was cooled to 200 °C, at which about 5 mg of 4,6-DMDBT solids were added to the top of the
sample and allowed to melt. A temperature-programmed desorption (TPD) study was then carried
out from 200 °C to 500 °C. All IR spectra were analyzed using the OMNIC 9.4 software.

6.3

Results

6.3.1 Characterization results
Physicochemical properties were determined using a Micromeritics ASAP 2020 analyzer
and the results are displayed in Figure 6.2 and Table 6.1. All isotherms for the mesoporous Y
(SAY) zeolites show Type H4 hysterisis loop and reversible Type IV isotherms, suggesting the
presence of mesoporosity. The pore size distribution graph created by the Density Functional
Theory (DFT) method is presented in Figure 6.2(b). Table 6.1 shows that the surface area and pore
volume are similar across all modified zeolites, suggesting retention of crystal structure of the
modified Y zeolites. The mesoporous SAY zeolite shows ordered mesoporosity at approximately
35 Å, while it retains most of the original microporosity. The introduction of metals in the SAY
does not affect significantly the surface area and the pore volume of the original sorbent. A detailed
description of the pore structure of the SAY zeolites can be found in our previous publication.207
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Figure 6.2: (a) Nitrogen adsorption-desorption isotherms and (b) DFT pore size distribution of
various ion-exchanged Y zeolites.

Table 6.1: Surface areas and pore volumes of various ion-exchanged Y zeolites.

Material
2%Ce2%CuSAY
2%Cu2%CeSAY
5%Cu2%CeSAY
10%Cu2%CeSAY
2%Cu5%CeSAY
2%Cu10%CeSAY

Stot
(m2/g)
663
664
642
627
588
648

Smicro
(m2/g)
409
406
401
402
395
394

Smeso
(m2/g)
253
259
242
225
193
254

Vtot
Vmicro
(cm3/g) (cm3/g)
0.552
0.19
0.543
0.188
0.537
0.186
0.524
0.186
0.51
0.183
0.538
0.182

Vmeso
(cm3/g)
0.362
0.355
0.351
0.338
0.327
0.356

Figure 6.3 shows the XRD patterns of parent Y and modified Y zeolites before reduction.
As expected, the parent Y exhibits high microporosity and crystalline structure, but the peaks
corresponding to these characteristics were smaller in the presence of mesoporosity (e.g. SAY).
The reduction in characteristic peaks can be attributed to the partial loss of silica and alumina
during the introduction of mesopores.68 The addition of metal cations further decreased the
intensity of the peaks, especially the Ce cations due to high ion-exchange selectivity. Nonetheless,
the characteristic peaks of parent Y and modified Y zeolites are very comparable to each other,
which indicates that the original Y zeolite structure is retained. Additionally, no Cu or Ce
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characteristic peaks can be observed, suggesting that little or no metal oxides were formed. The
relative crystallinity of the modified Y zeolites (assuming 100% crystallinity of parent Y) was
quantified and summarized in Table 6.2.
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Figure 6.3: XRD patterns of parent Y and modified Y zeolites.

Table 6.2 shows that the concentrations of metal cations measured by ICP, are very close
to that of the nominal values. SEM surface morphologies were imaged and are displayed in Figure
6.4. The images were taken at 90000x magnification and the insets display the corresponding
surface metal composition obtained via elemental mapping. The size of zeolite particles are similar
for all metal-exchanged mesoporous materials, ranging from 400 nm to 800 nm. SEM
characterization was performed on unreduced samples to prevent the migration of metal cations
into the internal coordination sites, which has been demonstrated previously.164,244,245 A closer look
at the images reveals extremely small particles in the nanoscale range, which could be attributed
to well-dispersed metal nanoparticles on the external surface of the zeolites. Elemental mapping
was also conducted on each metal- exchanged zeolite to determine the composition of metals on
the external surface and the results are located in the inset of SEM images. CuSAY exhibits
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approximately 5.5 wt% of Cu (Figure 5.4(a)), which is close to the theoretical and ICP values
(Table 6.2). Meanwhile, CeSAY displays a higher weight loading of Ce on the surface (Figure
6.4(b)) than the theoretical calculation, which could be due to higher intrinsic affinity. On
CuCeSAY (Figure 6.4(c)), the Cu surface loading was close to the nominal value, while no Ce
metal was identified on the surface. We hypothesize that this observation might be due to the fact
that Ce has been reported to prefer the internal sites.157,166,180

Figure 6.4: SEM images of unreduced (a) CuSAY, (b) CeSAY and (c) CuCeSAY taken at 20 kV
and magnification of 11000x.

Table 6.2: XRD relative crystallinity, EDS elemental analysis and ICP metal loading of parent
and modified Y zeolites.

Material
SAY
CuSAY
CeSAY
CuCeSAY

XRD
%
crystallinity
79
70
68
65

ICP
Ce
Cu
(wt%)
(wt%)
4.6
5.6
3.1
2.7

Figures 6.5 and 6.6 show the XPS core level spectra of CeSAY, CuSAY and CuCeSAY.
The quantitative distribution of oxidation states of Cu and Ce was recorded under in-situ reduction
conditions as described in the experimental procedure, and they are shown in Table 6.3. Based on
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the Ce 3d spectra, the samples containing Ce exhibit a stand-alone Ce4+ peak at 916.5 eV and a
mixture of Ce3+ and Ce4+ at the range of 880 – 910 eV. These peaks can be deconvoluted into six
peaks characteristic of two oxidation states of Ce (Ce3+ and Ce4+) on the surface. While it has been
suggested that Ce3+ in the outer cage of the Y zeolite can be easily oxidized to Ce4+,246 the X-ray
beam from the XPS could also induce reduction of cerium from 4+ to 3+

247

. The ratio between

Ce3+ and Ce4+ can be calculated using the following equation taken from Yu et. al 248:
𝐶𝑒

4+

𝑢′′′
%=
× 100%
14

Equation 5.1

where u’’’ is the percent area of Ce4+ peak at 916.5 eV. From this equation, it was determined that
approximately 90% of the Ce on CeSAY, and approximately 95% of Ce on CuCeSAY is Ce 4+.
The Cu 2p spectra of CuSAY and CuCeSAY both indicate that most of Cu on the surface exists
as Cu+, to which is assigned the peak at 932 eV.249

Figure 6.5: XPS spectra of (a) Ce 3d and (b) Cu 2p in CeSAY and CuSAY, respectively.

109

Figure 6.6: XPS spectra of (a) Ce 3d and (b) Cu 2p in CuCeSAY.
Table 6.3: Distribution of oxidation states of modified Y zeolites determined quantitatively by
XPS analysis.

Zeolite
CeSAY
CuSAY
CuCeSAY

Distribution of Oxidation States
Ce3+
Ce4+
Cu+
Cu2+
9%
91%
0
0
0
0
55%
45%
15%
85%
75%
25%

To obtain high-resolution representation of zeolite crystalline structure and metal
speciation, TEM studies were carried out. Figure 6.7 shows the TEM images of reduced CuSAY,
CeSAY and CuCeSAY at low magnification to prevent the electron beam from destroying the
material. The dark areas are zeolite particles consisting of lattice fringes (lines) and intracrystalline
mesoporosity (holes) of about 4 nm. The periodic fringes indicate that the materials have retained
most of the zeolite crystalline structure. The uniform distribution of mesopores suggests that the
SA method was carried out successfully without compromising the integrity of the zeolite. All
zeolite samples show an average particle size of about 500 nm, consistent with SEM micrographs.
Dark field STEM was further used to investigate the zeolite mesoporosity as shown in Figure 5.8.
The dark areas are zeolites and the lighter dots correspond to ~3-4 nm of mesopores, consistent
with the size of the CTAB micelles.250 The same areas were subjected to STEM analysis with
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elemental mapping to further investigate the nature of Cu and Ce metals as shown at the inset of
Figure 6.8. The metal nanoparticles are less than 1 nm in size, and occupy specific extra-framework
coordination sites, as indicated by the EDS elemental mapping. Our hypothesis is that Cu occupies
the external sites of the zeolite (e.g. site II located on the six-membered ring face of the sodalite
cage) and Ce, most likely, occupies the internal sites (e.g. site I’ located inside the sodalite cage,
opposite of site I in the center of the hexagonal prism).
The TEM figures also show a higher dispersion of Ce compared to Cu (after subtracting
from Cu grid background), supporting the previous claim that the ion-exchange selectivity of Ce
is high. The particle size of Cu may seem larger than that of Ce as it is more easily oxidized.251,252

Figure 6.7: Low-magnification TEM micrographs of unreduced (a) CuSAY, (b) CeSAY and (c)
CuCeSAY taken at 200 kV and magnification of 130000x.

Figure 6.8: STEM-EDS mapping of unreduced (a) CuSAY, (b) CeSAY and (c) CuCeSAY taken
at 200 kV and magnification of 450000x.
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6.3.2 Mechanistic results
The modified zeolites were subjected to in-situ temperature-programmed desorption (TPD)
in a DRIFTS reaction chamber to better understand the modes of adsorption, binding
configurations and regeneration behavior between the sorbent and the sorbate. The spectra of free
4,6-DMDBT as observed by attenuated total reflection (ATR) and predicted density functional
theory (DFT) calculations have been provided elsewhere.253 A complete vibrational assignment of
each theoretical peak has been attempted in an effort to rationalize our spectral interpretation and
they are provided in Table 6.4.
Table 6.4: Complete assignment of IR frequencies of 4,6-DMDBT.
Predicted
frequency,
cm-1

448.6

483

498.6

508.4

IR exp.
frequency,
cm-1

464.8

501.3

513.1

526.4

Vibrational
modes

Vibrating atoms and/or
functional groups

CSC bending

C4-S-C9

CH3 wagging

Me_20, Me_24

CCC bending

C2C3C24, C11C10C20

CSC scissoring

C4-S-C9

CH3 wagging

Me_20, Me_24

CH in plane
bending

C2H7(C), C1H19(C),
C6H8(C), C13H16(A),
C12H18(A), C11H15(A)

In-plane ring
deformation
CH3 twisting

Aro_1, Aro_9
Me_20, Me_24

CH out of plane
bending

C2H7(+), C11H15(+),
C1H19(-), C6H8(-), C13H16(-),
C12H18(-)

Ring torsion

Aro_1, Aro_9

CSC rocking*

C4-S-C9

CH3 wagging

Me_20, Me_24

Ring twisting
mode

Aro_1(C), Aro_9(A)
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Visualization

522.6

577

605.6

745.4

767.1

793.3

921.7

539.9

577

631.4

765.9

798.8

825.4

958.3

CH3 twisting

Me_20, Me_24

Ring torsion

Aro_1, Aro_9

Ring torsion*

Thio_17

CH3 wagging

Me_20, Me_24

CCC symmetric
stretching

C1C2C3, C10C11C12

CCC bending

Aro_1, Aro_9

CH in-plane
bending

C1H19(A), C12H18(A)

Ring breathing

Thio_17

C-C stretching

C3C24, C10C20

In-plane ring
deformation

Aro_1, Aro_9

Ring beating*

Thio_17

Ring torsion

Thio_17

CCC out of plane
bending

C2C1C6, C11C12C13

CH out of plane
bending

C2H7(-), C1H19(-), C6H8(-),
C13H16(+), C12H18(+),
C11H15(+)

CSC symmetric
stretching

C4-S-C9

CCC symmetric
stretching

C2C1C6, C11C12C13, C3C4C5*,
C14C9C10*

CH in plane
bending

C2H7(A), C6H8(C),
C13H16(A), C11H15(C)

CH3 twisting

Me_20, Me_24

CH out of plane
wagging

C2H7, C1H19, C6H8, C13H16,
C12H18, C11H15

CH3 twisting

Me_20

CH out of plane
bending

C13H16(+), C11H15(-)
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951.7

988.7

1010.7

1060.3

(1062.1)

1071.7

1089.7

986.5

1014.7

1049.1

1099.1

Coupled
with
1099.1

1112.4

1135.9

Ring breathing

Thio_17

CH3 wagging

Me_20, Me_24

CH in plane
bending

C1H19(C), C12H18(A)

In-plane ring
deformation

Aro_1, Aro_9

CH3 twisting

Me_20(s), Me_24(w)

CH out of plane
bending

C2H7(-), C1H19(+), C6H8(-),
C13H16(+), C12H18(-),
C11H15(+)

CH3 wagging

Me_20, Me_24

Ring twisting

Aro_1(C), Aro_9(C)

CH3 twisting

Me_20(w), Me_24(s)

CC out of plane
bending

C3C24

CH out of plane
bending

C2H7(-)

CH3 twisting

Me_20(s), Me_24(w)

CC out of plane
bending

C3C24

CH out of plane
bending

C2H7(-)

CSC asymmetric
stretching

C4-S-C9

CH3 wagging

Me_20, Me_24

CCC bending

Aro_1, Aro_9

CH in-plane
bending

C2H7(C), C11H15(C)

CSC symmetric
stretching

C4-S-C9

CH3 wagging

Me_20, Me_24

CCC bending

Aro_1, Aro_9

CH in-plane
bending

C2H7(C), C11H15(A)
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1125.1

1175.1

1167.2

1222.7

1205.6

1247

1286.2

1328.3

1363.5

(1366.6)

1466.8

1493.7

1413.6

Coupled
with
1413.6

1525.1

1544.4

CSC asymmetric
stretching

C4-S-C9

CH3 wagging

Me_20, Me_24

CCC bending

C2C1C6, C11C12C13

CH bending

C2H7(C), C6H8(A),
C13H16(A), C11H15(C)

CH bending

C24H27, C20H23

CH in-plane
bending (Kekule)

C1H19(A), C2H7(C),
C12H18(A), C11H15(C)

CH bending

C24H27, C20H23

CH in-plane
bending (Kekule)

C2H7(A), C1H19(C),
C6H8(A), C13H16(A),
C12H18(C), C11H15(A)

CH3 wagging

Me_20, Me_24

Ring twisting

Aro_1(A), Aro_9(C)

CH3 wagging

Me_20, Me_24

CC stretching
(Kekule)

Aro_1, Aro_9

Ring breathing*

Thio_17

CH3 wagging

Me_20, Me_24

CC stretching
(Kekule)

Aro_1, Aro_9

Ring
deformation*

Thio_17

CH3 scissoring

Me_20, Me_24

CH in-plane
bending

C2H7(C), C1H19(A),
C6H8(A), C13H16(A),
C12H18(A), C11H15(C)

Ring in-plane
deformation

Aro_1, Aro_9

CH3 twisting

Me_20(w), Me_24(s)
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(1494.3)

1507.7

1512.4

1679.1

(1690.4)

3206.4

Coupled
with
1544.4

1558.5

1570.1

1747.5

Coupled
with
1747.5

3327.8

CH3 twisting

Me_20(s), Me_24(w)

CH3 scissoring

Me_20, Me_24

CH in-plane
bending

C2H7(A), C1H19(A),
C6H8(C), C13H16(A),
C12H18(C), C11H15(C)

CH3 scissoring

Me_20, Me_24

CH in-plane
bending

C2H7(A), C1H19(C),
C6H8(C), C13H16(C),
C12H18(C), C11H15(A)

CH3 scissoring

Me_20, Me_24

CC stretch
(Kekule)

Aro_1, Aro_9

Ring in-plane
deformation*

Thio_17

CH3 scissoring

Me_20, Me_24

CC stretch
(Kekule)

Aro_1, Aro_9

Ring in-plane
deformation*

Thio_17

CH stretching

C2H7, C1H19, C6H8, C13H16,
C12H18, C11H15

Notations:
1. Me_, Aro_ and Thio_ stands for methyl group, aromatic ring (6-rember) thiophene ring,
respectively. Numbers after underline (e.g. Aro_9) indicates the label of carbon (or sulfur)
atom contained in this functional group to differentiate among various groups.
2. For in-plane bending, twisting, there are C or A in parentheses indicates ‘clockwise’ (C) or
‘anti-clockwise’ (A) with respect to center of 6-member aromatic rings (imaginary points,
not exist in molecule).
3. As for out of plane bending mode, (+) and (-) are added to distinguish between bending
‘towards’ (+) or ‘away from’ (-) the molecular plane. Such vibrational movements in ring
torsion mode are not denoted for brevity.
4. (s) and (w) indicates the intensity of methyl groups vibrations, strong or weak, relative to
each other.
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5. * means that a functional group or chemical bond has equivalent vibration intensity with
other groups, however, it is induced by atoms that vibrate in other groups.

Figure 6.9 shows the FTIR spectra collected at increasing temperature upon exposure of
each of the modified zeolites to 4,6-DMDBT. The band at 3740 suggests vibrational stretching of
the terminal silanol, while bands at 3630 and 3555 cm-1 correspond to vibrational stretches of
hydroxyl species in the supercage and sodalite cage, respectively.254,255 Both CeSAY and
CuCeSAY display a shoulder band below 3555 cm-1, implying that at least one extra adsorption
mode can be attributed to the presence of Ce cations in the sodalite cage.63,256 This shoulder band
is not observed on CuSAY. The bands ranging from 3100 to 2700 cm-1 are attributed to C-H
stretches of 4,6-DMDBT. It is well known that bands below 3000 cm-1 are characteristic of sp3
hybridized hydrocarbons,257 and in our case can be attributed to the methyl groups of the 4,6DMDBT. In addition, the emergence of these bands can also be attributed to a possible elongation
of the sp2 C-H stretches of the 4,6-DMDBT on the Y zeolites. Dissociation of the 4,6-DMDBT is
unlikely, because the color of the zeolites remained unchanged even at temperature as high as 500
°C, suggesting that the sulfur molecule was adsorbed molecularly, rather than being reacted to
form coke. A quick glance of the three metal-exchanged zeolites suggests that a very high
temperature is required to completely desorb 4,6-DMDBT from these materials, due to the strong
interaction between the exchanged metal and the sulfur compounds. As temperature in the cell was
increased, the terminal silanols on all three zeolites were regenerated first, followed by the
hydroxyl sites. This suggests that the Brønsted acid sites play a more important role in the
adsorption capability of the materials as compared to the external silanols. It is also apparent that
CuCeSAY is harder to regenerate as compared to CuSAY and CeSAY, as evidenced by the C-H
vibrational bands with higher intensity below 3100 cm-1 at 400 °C. This suggests that a stronger
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bond interaction is formed, which consequently prevents the sulfur compound from being easily
desorbed.
The key interaction responsible for the adsorption strength and regeneration property of
each zeolite can be better explained by examining the C=C vibrational modes. Figure 6.10 displays
the IR spectra of adsorbed 4,6-DMDBT in the C=C vibrational region. The weak band at 1640 cm1

(not labeled) can be assigned to hydroxide radical stretching of H2O, suggesting that the zeolite

is mostly degassed and the cell environment is primarily dry.258 This is consistent with the absence
of strong O-H stretch at the 3000-3400 cm-1 region, as shown in Figure 6.9. Subsequent bands at
1570 and 1450 cm-1 correspond to symmetric and antisymmetric aromatic C=C stretches of the
thiophene ring. Figure 6.10 shows the IR spectra of SAY and metal-modified SAY zeolites upon
adsorption of 4,6-DMDBT. With the exception of SAY, the bands at 1570 and 1450 cm-1 are still
present even at 400 °C, which shows the importance of metals on the selective adsorption of 4,6DMDBT. The band at 1515 cm-1 is indicative of a possible C=C shift of free 4,6-DMDBT from
1570 cm-1 due to the loss of electron density. This band can be observed in Figure 6.10(b) and (d)
on CuSAY and CuCeSAY, respectively, as 4,6-DMDBT was adsorbed via the π-stacking of the
4,6-DMDBT ring. On the other hand, Figure 6.10(c) and (d) show a blue shift of a C=C vibrational
band from 1450 to 1480 cm-1 during the adsorption of 4,6-DMDBT on CeSAY and CuCeSAY,
respectively. The presence of this band might be the result of an increase in electronic current
density of the sulfur-containing conjugated ring and can, therefore, could be attributed to a direct
S-M (or σ-bond) interaction between the Ce metal and the sulfur atom.145 This mechanism has also
been studied and observed for smaller thiophenic compounds shown in our previous publication.207
It has been observed that the band shift at 1480 cm-1 may not be as intense as the shift observed
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by other smaller thiophenic compounds adsorbed on CeY zeolites, because 4,6-DMDBT was
introduced by melting the solid, instead of vaporizing it from a reservoir.

Figure 6.9: IR-TPD spectra of adsorbed 4,6-DMDBT on (a) SAY, (b) CuSAY, (c) CeSAY and
(d) CuCeSAY in the zeolitic region.

Figure 6.10: IR-TPD spectra of adsorbed 4,6-DMDBT on (a) SAY, (b) CuSAY, (c) CeSAY and
(d) CuCeSAY in the C=C region.
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6.3.3 Fixed-bed adsorption results
While spectroscopic studies may be a powerful tool to understand the adsorption
mechanism of sulfur molecules on zeolites on the molecular level, dynamic adsorption tests are
necessary to understand the capacity of sorbents and the kinetics of adsorption. Dynamic fixedbed experiments can not only quantitatively and qualitatively explain the adsorption of sulfur
molecules on the sorbents, but can also serve as pilot technology to mimic industrial operating
conditions. Figure 6.11 shows the breakthrough curves of the various Y zeolites on the adsorption
of 100 ppmw of 4,6-DMDBT from n-octane. It is clear that the unmodified Y zeolite displays very
poor desulfurization performance, because the presence of micropores prevents the bulky 4,6DMDBT from accessing the internal active sites, rendering the sorbent incompetent for refractory
sulfur compounds. When mesopores were introduced in the Y zeolite (SAY), the breakthrough
curve was extended substantially from 0 to nearly 150 mL/g of 4,6-DMDBT-free fuel. This is a
strong indication that the adsorption of 4,6-DMDBT on the parent Y is diffusion limited, and thus,
the presence of mesopores shortens the diffusion length by granting the adsorbate unrestricted
access to the internal active sites. The incorporation of Ce metals into the mesoporous SAY,
however, failed to improve the breakthrough curve of SAY. This might be attributed to the location
of Ce cations in the sodalite cages. The preferential coordination of Ce cations on type I’ sites
makes it challenging for 4,6-DMDBT to directly interact with those sites. This was also observed
during the adsorption of dibenzothiophene (DBT) in our previous study.63 When Cu was added to
the mesoporous SAY, the breakthrough curve was extended to nearly 175 mL/g of 4,6-DMDBTfree fuel. Based on our spectroscopic results, CuCeSAY may outperform CuSAY since a higher
temperature was required to completely desorb the sulfur and subsequently, regenerate the active
sites. This suggests that a very strong interaction exists between CuCeSAY and 4,6-DMDBT. The
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breakthrough curve shows that CuCeSAY has a capacity of almost 200 mL/g, which is about 25
mL/g more than CuSAY. This underscores the synergistic effect of Cu and Ce that dramatically
increases the capacity and selectivity of 4,6-DMDBT.
To better simulate the diesel fuel, 1% naphthalene was added to the feed mixture of noctane and 4,6-DMDBT. As shown in Figure 5.12, the capacity of CuCeSAY was suppressed by
at least 5-fold, due to the presence of aromatics. To increase the adsorption of 4,6-DMDBT, we
studied the effect of two zeolite modifications: a) the composition of metals in the zeolite, and b)
the order in which the metals were introduced. Table 5.5 summarizes the elemental compositions
of each modified zeolite determined by ICP.

Figure 6.11: Breakthrough curves of 100 ppmw of sulfur in 4,6-DMDBT dissolved in n-octane
on various Y zeolite adsorbents.
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Table 6.5: Elemental composition of Ce and Cu on various metal-exchanged mesoporous
zeolites.
Zeolite
2Ce2CuSAY
2Cu2CeSAY
5Cu2CeSAY
10Cu2CeSAY
2Cu5CeSAY
2Cu10CeSAY
5Cu10CeSAY
10Cu10CeSAY

Ce
1.9%
1.6%
1.8%
1.7%
5.7%
8.0%
5.9%
6.9%

Cu
1.9%
1.7%
2.8%
2.7%
1.4%
0.9%
0.9%
1.4%

Figure 6.12(a) shows the comparison between two metal-exchanged mesoporous Y
zeolites with identical metal loading, but different order in which they were introduced (Materials
1 and 2 on Table 6.5). Thus, in CuCeSAY, Ce was introduced first followed by Cu; while in
CuCeSAY, Ce was introduced first followed by Cu. The results indicate that 2%Ce2%CuSAY
performed very poorly, as the adsorption capacity of 4,6-DMDBT was only 20 mL/g, compared
to 35 mL/g by 2%Cu2%CeSAY. This confirms the validity of our ion-exchange technique, which
dictates that Ce should be exchange first, followed by Cu. This configuration was adopted for
subsequent modified mesoporous Y zeolites.
Next, the amount of Cu was varied from 2 wt% to 5 wt% and 10 wt%, while keeping Ce
constant at 2 wt% (Materials 2, 3 and 4 in Table 6.5). The ICP results show that the Cu amount
did not increase significantly, which suggests that the zeolite has reached the maximum ionexchange capacity. Figure 6.12(b) shows that both 5%Cu2%CeSAY and 10%Cu2%CeSAY
zeolites exhibit lower 4,6-DMDBT capacity compared to 2%Cu2%CeSAY. This is consistent with
the ICP results, which showed similar amount of metals in all the adsorbents. Additionally, access
of the Ce metals to the internal sites was further restricted.
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Figure 6.12(c) shows the effect of Ce as the concentration was varied from 2 wt% to 10
wt%, while keeping the concentration of Cu fixed at 2 wt% (Materials 2, 5 and 6 in Table 6.5).
Contrary to Cu, the increase in Ce loading actually contributed to higher sulfur uptake, with
2%Cu10%CeSAY exhibiting the highest 4,6-DMDBT capacity of about 50 mL/g. This is
equivalent to a saturation adsorption capacity of 6.8 mg S/g, calculated using the equation reported
elsewhere.139 While there has been limited fixed-bed studies on dynamic adsorption of alkyl-DBT
in the presence of aromatics, Duan et al. did show that CeY exhibited a capacity of 3.33 mg S/g
using a feed containing 300 ppmw of 4,6-DMDBT in n-nonane.145 To the best of our knowledge
the 2%Cu10%CeSAY has shown the highest adsorption capacity so far in literature, for
4,6DMDBT, among any other Y sorbent in the presence of aromatics. However, we should make
clear that other sorbents reported in literature (aside Y), such as the UMCM-150, UMCM-150(N)1,
UMCM-150(N)2 by Park et al.259 as well as the Boron Nitride Mesoporous Nanowires by Xiong
et al.260 have exceeded much higher capacities for 4,6-DMDBT. According to the literature, ICP
results also confirmed the increase of Ce loading in the zeolite with values close to the theoretical
calculations. Finally, we increased the Cu loading on 10%CeSAY zeolite from 2 wt% to 5 wt%
and 10wt% (Materials 6, 7 and 8 in Table 5.5). ICP results revealed no increase in the amount of
Cu in the zeolites, while Figure 6.12(d) shows no improvement on the adsorption of 4,6-DMDBT.
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Figure 6.12: Breakthrough curves of 100 ppmw of 4,6-DMDBT and 1 wt% naphthalene in noctane adsorbed on mesoporous Y zeolites following the effects of: a) metal configuration, b) Cu
concentration on 2%CeSAY, c) Ce concentration on 2%CuSAY and d) Cu concentration on
10%CeSAY.

2%Cu10%CeSAY was selected as the optimum material to study the effect of regeneration
and lifetime. Figure 6.13 shows the breakthrough curves of regenerated 2%Cu10%CeSAY. Upon
thermal treatment in air at 500 °C for 4 hrs and activation under reducing gas at 325 °C for 2.5 hrs,
the zeolite still displayed similar desulfurization performance. The first and second regenerated
zeolites both produced close to 50 mL/g of 4,6-DMDBT-free fuel, similar to the capacity observed
on the corresponding fresh zeolite. Figures 6.14 and 6.15 show that the diffraction pattern and
physicochemical properties of the sorbent before and after regeneration were similar, respectively.
Figure 6.14 shows the XRD spectra of the fresh and used 2%Cu10%CeSAY after the two thermal
cycles. Some reduction in the intensity of the peaks is apparent, which suggests loss in crystallinity.
However, most of the characteristic diffraction peaks of the zeolite are still present after two
regeneration cycles, suggesting that the crystal structure was mostly retained. Figure 6.15 (a) and
(b) compares the N2 adsorption/desorption and the pore size distribution, respectively, of the
2%Cu10%CeSAY as fresh and after the two cycles of thermal regeneration. After the two
regeneration cycles, the zeolite has lost some microporosity, while the ordered mesopores have
124

collapsed to random and more broad range mesopores. This is expected as a result of the thermal
treatment. The results are also in agreement with the loss of microporosity observed by XRD. As
a result, the adsorbent was still active and preserved high adsorption capacity after two
regeneration cycles. Our future studies will involve more experiments on the regenerability and
the longevity of the sorbent.
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Figure 6.13: Breakthrough curves of 100 ppmw of 4,6-DMDBT and 1 wt% naphthalene in noctane adsorbed on fresh and regenerated 2%Cu10%CeSAY.
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Figure 6.14: XRD spectra of 2%Cu10%CeSAY before and after regeneration.
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Figure 6.15: N2 adsorption-desorption and (b) DFT pore distribution of 2%Cu10%CeSAY
before and after regeneration.

Zhang et al. conducted fixed-bed adsorption experiments with 100 ppmw of 4,6-DMDBT
dissolved in n-octane without competing aromatics and their Ni-based SBA-15 sorbent produced
about 30 mL/g of clean fuel.155 Bu and co-workers studied the adsorptive desulfurization of 0.27%
4,6-DMDBT and 0.16% naphthalene dissolved in hexadecane on wood-derived activated
carbon.261 The sorbent (SBET = 1100 m2/g), despite having a very high surface area, exhibited a
sulfur capacity of about 20 mL/g. In our studies, it was also observed that the increase in Cu loading
in the supercage did not improve the sulfur capacity of the zeolite. According to the ICP results,
Cu reached its ion-exchange capacity limit at approximately 2 wt%, in the presence of Ce. Even
though Ce prefers to occupy type I’ sites in the sodalite cages,262 increasing the Ce density would
lead to higher probability for incoming sulfur compounds to gain access to stronger direct S-M σbonding in the internal cages. When combined, the synergistic effect of Cu and Ce increased the
uptake of sulfur. From the XPS analysis in Table 6.3, Ce plays an important role as a promoter to
increase the density of Cu+ in the zeolite from 55% to 75%, the oxidation state that has shown to
increase the capacity of sulfur.147,156
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6.4

Discussion
In this study, a refractory sulfur compound, 4,6-DMDBT, was used as a model molecule

to investigate the adsorption capability over (bi)metal-exchanged mesoporous zeolites. The
tailored CuCeSAY exhibited highly-ordered mesopores and highly-dispersed metal cations. These
properties made the zeolite selective and effective for the adsorption of heavy sulfur
compounds.263–265 As shown in the breakthrough curves, CuCeSAY had an outstanding
desulfurization capacity of nearly 200 mL/g of 4,6-DMDBT-free fuel. A thorough analysis of
Figure 6.11 shows that mesoporosity significantly contributed to this improvement. The parent Y
barely removed any 4,6-DMDBT, most likely because the micropores caused poor accessibility of
the bulky molecule to the internal active sites of the zeolite. Mesoporous SAY, on the other hand,
overcame this limitation and subsequently increased the uptake of 4,6-DMDBT by about 150
mL/g. Further improvement of the breakthrough curve was observed as metals, such as Ce and/or
Cu were exchanged to replace the proton. On the new site, the metal cation formed a stronger bond
either via π-complexation or direct σ-bond interaction with the adsorbing sulfur compound. The
incorporation of metals activated high energy bonds, as shown spectroscopically by our FTIR
results.
A summary of breakthrough points of 4,6-DMDBT and smaller thiophenic compounds
from our previous studies207 is shown in Table 6.5. This comparison has not been studied before,
and yet it is important to effectively demonstrate the role of pore structure and metals. For a given
zeolite, the breakthrough point increases with the size of the thiophenic compound. For example,
153 mL/g of 4,6-DMDBT was the breakthrough point for SAY, but the breakthrough point was
60 mL/g lower for DBT. This is followed by a much lower breakthrough point for BT with only
6.5 mL/g of sulfur-free fuel produced. Other groups have shown that the affinity of each sulfur
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compound to be adsorbed is attributed to the electron density on the S atom of the aromatic
compound.140,149 As the kinetic diameter of thiophenic molecule increases, the electron density on
the corresponding S atom increases. Table 6.6 shows that the adsorption of bulky sulfur
compounds, are diffusion limited, which can be addressed by the mesoporous SAY zeolites. Their
kinetic diameters are also displayed in parenthesis. Thus, as shown in Table 6.6, the breakthrough
point of DBT was increased from 52 to 93 mL/g and the breakthrough point of 4,6-DMDBT was
increased from 10 to 153 mL/g when zeolite Y was replaced by SAY.
By ion-exchanging Ce and then Cu metals into the mesoporous Y zeolite, we discovered
that about 50 mL/g of 4,6-DMDBT-free fuel could be produced. The high capacity of the material
can be attributed to synergistic effect of Cu and Ce. The synergy between Cu and Ce is apparent
in the TPD profile, which was studied by in-situ DRIFTS. CuCeSAY zeolite shows characteristic
bands of π-complexation and σ-bond interaction, evidenced by shifts to lower and to higher
wavenumbers, respectively, as compared to the corresponding IR bands of free 4,6-DMDBT. In
fact, the band shifts may not be that obvious as 4,6-DMDBT was introduced by melting over the
zeolite sample, making it harder to identify chemisorbed-only peaks. It is evident that the C=C
band shift of BT to a higher a wavenumber from 1450 to 1490 cm-1 due to σ-bonding is most
notable, especially on CeY. As the size of sulfur compounds increases from BT to DBT and finally
4,6-DMDBT, this blue shift becomes less obvious, making it harder to compare the characteristics
bands and draw conclusions regarding the adsorption modes and energies.
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Table 6.6: Breakthrough points of studied sulfur compounds adsorbed over various Y zeolites.
Breakthrough points (mL/g)
Material
TP (5.3 Å)
BT (6 Å)b DBTa (9 Å)b 4,6-DMDBT (≥ 9 Å)b
Parent Y
7.0
7.0
52.0
10.0
CeY
14.0
50.0
49.0
CuY
77.0
50.0
SAY
6.5
93.0
153.0
CeSAY
110.0
145.0
CuSAY
117.0
172.0
CuCeSAY 193.0
a
63,207
Taken from our previous publications
b
Kinetic diameters in parenthesis
a

b

a

While the adsorptive desulfurization of 4,6-DMDBT in n-octane using bimetallic
mesoporous Y zeolite has shown promising results, it does not fully capture the commercial
potential of this technology. It is imperative to study the effect of aromatics on the selective
removal of 4,6-DMDBT. Thus, 1% naphthalene was incorporated into the model fuel mixture and
different ion-exchanged mesoporous zeolites with various metal loadings and orders of Ce and Cu
were studied. The results in Figure 6.12 showed that 2%Cu10%CeSAY exhibited the highest 4,6DMDBT capacity among the different zeolites. As explained in the results section, the order at
which the metals are incorporated in the zeolites has a significant impact on the adsorption. This
suggests that Cu and Ce coordinate very differently in the Y zeolite extra-framework.266 Although
10%Ce2%CuSAY produced slightly higher sulfur adsorption compared to 2%Cu2%CeSAY, the
increase of Ce loading compensated for the unfavorable location of the Ce metal. However, the
improvement was small. Having the Ce metal in the sodalite cage, while Cu being on the outer
cage in 2%Cu10%CeSAY, produced about two times more clean fuel compared to
2%Cu2%CeSAY. To the best of our knowledge this is the highest 4,6-DMDBT breakthrough point
reported by Y sorbent in the presence of aromatics by a dynamic fixed bed experiment.
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6.5

Conclusions
Following the encouraging results from the fixed-bed experiment, it was decided that the

sustainability of this process should also be investigated by examining the regenerability of the
spent sorbent. For this study, the best sorbent, 2%Cu10%CesAY was selected to study the effect
of regeneration. After each regeneration cycle, the zeolite was exposed to the same sulfur feed and
the breakthrough curve was analyzed. As indicated in Figure 6.13, almost 100% of sulfur capacity
could be recovered even after 2 regeneration cycles. Wang et. al studied the feasibility of
regenerated Cu(I)Y and found that it exhibited similar desulfurization performance as that of fresh
Cu(I)Y after 300 ppmw of DBT adsorption in the presence of 20 wt% benzene.226 However, the
regeneration conditions were much longer than those reported in our study (e.g. 10 hours for heat
treatment and 18 hours for reduction). Yang and co-workers, on the other hand, investigated the
regenerability of Ce(IV)-Y adsorbents for the adsorptive desulfurization of diesel feed, as well as
Cu(I)-Y on γ-Al2O3 support for the sulfur removal of jet fuel.148,267 They only studied two
regeneration cycles, in which about 96% and 74% of the adsorption capacities were recovered for
Ce(IV)-Y and Cu(I)-Y, respectively. This suggests that 2%Cu10%CesAY has a longer
desulfurization lifetime and great potential for the desulfurization of commercial fuels. In our
future studies we plan to demonstrate the effect of various rare earths on the adsorptive
desulfurization of liquid fuels, as well as their optimum loading on the sorbent. The synergy
between Ce and Cu will be further investigated using theoretical and synchrotron studies.
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Chapter 7
FUNDAMENTAL UNDERSTANDING OF SULFUR ADSORPTION ON IONEXCHANGED Y ZEOLITES USING DENSITY FUNCTIONAL THEORY AND
NATURAL ORBITAL ANALYSIS
7.1

Introduction
Refractory sulfur compounds such as alkylated-dibenzothiophenes (DBT) are commonly

found in heavy oils such as diesel. Upon combustion, these compounds are emitted into the
atmosphere as SOx, a precursor of acid rain. Due to their low reactivity and bulky structure,
extremely costly and energy-demanding processes are required to meet the stringent sulfur
regulations. Currently, hydrodesulfurization (HDS) is the conventional method for converting
alkylated-DBT from transportation fuels, either via hydrogenation (HYD) or direct desulfurization
(DDS) to hydrogen sulfide (H2S).268 Regardless of the reaction pathway, both HYD and DDS
reactions require extremely high energy to break the bonds of alkylated-DBT. Moreover, it has
been shown that the presence of alkyl groups of DBT results in steric hindrance, causing the
inhibition of C-S cleavage in the DDS pathway.269,270 A comprehensive review on the effect of
molecular size and alkyl derivatives on the relative HDS reactivity has been published by
Chunshan Song.18
Due to cost and reactivity challenges in HDS accompanied by strict sulfur mandates, there
is a growing interest in exploring ultra-deep desulfurization alternative technologies to either
complement or replace the conventional HDS technology. Some of the main alternative methods
have been discussed in detail by Lee et al.20 Among them, adsorptive desulfurization (ADS)
continues to be one of the most studied alternative desulfurization methods owing to their
economical and environmental advantages, while simultaneously producing fuels containing little
131

to no sulfur at ambient conditions.271–275 More importantly, the effectiveness of ADS relies on the
key properties of the utilized sorbent. Among the commonly studied materials, Y zeolites have
shown to be ideal sulfur adsorbents because they consists of interconnecting channels, cages and
hexagonal prisms, resulting in unique 3-dimentional pore structures, high surface area and
available acid sites. However, due to the microporous nature of Y zeolites, further structure
modifications are compulsory to make the internal active sites readily available for the adsorption
of alkyl-DBTs. In addition, sulfur selectivity is another limiting factor of ADS in the presence of
structurally similar aromatic compounds, such as naphthalene. Our previous studies showed that
the introduction of well-ordered mesoporosity using the surfactant-assisted method was extremely
beneficial in overcoming diffusion limitations involving refractory sulfur compounds.63,207 We
also investigated the synergistic effects of Cu and Ce on the selective removal of 4,6dimethyldibenzothiophene (4,6-DMDBT) using spectroscopy, which suggested strong binding
energy and multiple adsorption configurations between the metals and the sulfur compound.253
Two main types of adsorption mechanism have been proposed in the literature. Yang et al.
displayed the excellent sulfur capacity of CuY compared with AgY, NiY and ZnY, which they
attributed to relatively strong π-complexation bonds.23,139 The parallel stacking of the sulfur ring
above the metal allows for electron transfer from the p orbital of the sulfur ring to the empty s
orbital of the Cu, commonly known as σ-bonding, as well as the simultaneous backdonation of
electrons from the filled d orbitals of the metal to the antibonding p* orbital of the sulfur ring. For
π-complexation sorbents such as those studied by Yang et al., d-π* backdonations play an
important role in defining the adsorption strengths of π-complexation. On the other hand, Song
and co-workers indicated that f-block elements such as Ce in CeY zeolites have high affinity to
bind with sulfur via a direct sulfur-metal (S-M) bond rather than π-complexation.140 They
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explained that this type of interaction is highly advantageous for selective removal of sulfur from
commercial fuels containing competing aromatics. Since the publication of these pioneering
studies by both groups, there has been substantial effort in the adsorption/separations community
to investigate the adsorption capacity of sulfur over different metals or metal combinations such
as

FeY,

LaY,

ZnY,

CuZnY,

ZnNdY,

NiNdY,

CuCeY,

CuLaY,

NiCeY

and

AgCeY.67,123,138,153,156,171,210,271
Over the past decades, most studies on sulfur removal from transportation fuels using
modified Y zeolites have been conducted in a fixed-bed adsorption unit, in which breakthrough
curves are generated to determine the sulfur adsorption capacity.64,67,140 In terms of overcoming
mass transfer limitations, a good agreement has been well documented between well-ordered
mesoporosity and enhanced capacity of alkyl-DBTs.20 However, minimal attempts have been
made to fundamentally elucidate the role of metal cations on the selectivity and capacity of
different thiophenic compounds. While empirical evidence provides useful insight regarding the
role of metals on the adsorption performance, information about electronic properties, binding
energies and adsorption configurations have been lacking. Meanwhile, theoretical study using
density functional theory (DFT) is an efficient tool to make accurate predictions about the
molecular energetics and coordination modes of ligand-metal interactions.276
In the past, theoretical methods have been successfully applied to predict molecular
energetics and adsorption trends of smaller molecules277–279 including elemental sulfur compounds
such as SO2, H2S and CS2.280–282 Yang et al. were one of the first groups to study the adsorption
behavior of thiophene (on CuCl and AgCl) using molecular orbital calculations, which showed a
good correlation between calculated binding energies and observed adsorption capacities. By using
natural bond orbital (NBO) analysis, they were able to inspect electron distribution more closely,
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which led to the fundamental understanding of π-complexation interactions. Nonetheless, the
chloride is a much smaller anion compared with the zeolite framework, therefore resulting in very
different electron redistribution when coordinated with a metal cation.283,284 They later
demonstrated with CuZ cluster (Z = 2T; T = Al, Si) that the zeolite anion is more electronegative
than chloride, thus increasing the electropositivity of Cu+ to accept more electrons from sulfur.285
Around the same time, Velu et al. attempted to establish a correlation between observed sulfur
selectivity over σ-type adsorbents (e.g. CeY) with electron density on the sulfur atom obtained
using molecular orbital calculations.140 Several years later, Liu et al. used DFT to show the
adsorption mechanism of benzothiophene (BT), dibenzothiophene (DBT) and alkyl-DBT on 6T
CuY zeolite cluster, which could proceed either via η2 (π-complexation) or η1S (direct S-M σ)
adsorption modes.286 To explain the possible adsorption pathways of BT and DBT over CuY, NiY
and CeY, Wang et al. carried out DFT calculations using a 12T zeolite cluster.287 Information
about bond lengths, Mayer bond orders and adsorption energies was used to draw conclusions on
the most energetically-favored adsorption mechanism and configuration for the respective clusters.
A similar 12T cluster consisting of a six-membered ring was used by Gao et al. to theoretically
calculate the bond distances, adsorption energies and Mulliken charge population related to the
adsorption of TP, BT and DBT on rare-earth exchanged Y zeolites.224 Their results indicated that
the thiophenic compounds adsorb preferably via the lying configuration (π-complexation).
Due to the complex structure of the Y zeolite framework, most theoretical studies were
conducted using an extremely small model cluster, consisting of a six-membered ring, the center
of which represents the adsorption site. While this has shown to provide some insight regarding
sulfur adsorption, the Y zeolite unit cell also contains a supercage, sodalide cages and hexagonal
prisms made up of tetrahedral molecules that can interact with sulfur adsorbate via van der Waals
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(vdW) interactions and in some cases, long-range electrostatic interactions.100,288 The vdW
interactions especially can strongly affect the binding energies and adsorption modes, thus must
not be neglected. Herein, our group has proposed a construction of a bigger cluster to better
represent true environment inside the Y zeolite unit cell and to properly account for all types of
interactions. A two-layer our-own n-layered integrated molecular orbital and molecular mechanics
(ONIOM) model was employed, where the small high-level-theory layer consists of the chemically
important part (e.g. the adsorption site) of the zeolite and the low-level-theory layer encompasses
the rest of the outer framework. This strategy has been used effectively to compute the binding
energies of relatively small linear and aromatic molecules adsorbed on Y zeolites98,289–291, but to
the best of knowledge, there are no reports of the ONIOM method used to study the adsorption of
thiophenic compounds over ion-exchanged Y zeolites. In this study, we performed the two-layer
ONIOM study on the adsorption of TP, BT, DBT and 4,6-DMDBT over HY and CuY. For
comparison, the adsorptions of benzene and naphthalene were also explored. Natural bond orbital
(NBO) analysis was also carried out to relate electron transfer to the adsorption modes. Information
gathered from DFT calculations and NBO analysis were then used to explain and validate the
adsorption behavior in experiments from our previous work.

7.2

Computational Methods

7.2.1 Cluster structure model
Faujasite (FAU) crystal structure obtained from the International Zeolite Association (IZA)
database was used to build the Y zeolite cluster (Figure 7.1(a)).82 It is essential that the right cluster
size is used for the calculation, which means that key zeolite structural features such as the
supercage, sodalite cage, hexagonal prism and extra-framework coordination sites should be
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included. To build a reasonably-sized cluster, an active site is first created by replacing a Si atom
with an Al atom, resulting in a minus one charge, which can be compensated by a proton to form
a Brønsted acid site, or a metal cation, on which adsorption or reactions can potentially occur.
Because Y zeolites contain different extra-framework coordination sites (e.g. sites I, I’, II, and II’),
it is important to select one that is both experimentally- and theoretically-feasible to represent the
adsorption site. Based on Rietveld refinement, CO adsorption by FTIR160,292 and Monte Carlo
simulation224,287, the most appropriate site to study is site II, which is located on the surface of the
six-membered hexagonal window, coordinated by three framework oxygen atoms. While studies
have shown that other sites may be well-populated with extra-framework cations and more
energetically favorable, they are not as accessible compared with site II, especially for refractory
sulfur compounds. After all, this location has been shown to be the most active for various catalytic
reactions and adsorption processes.72,266,293 The full zeolite cluster was then completed by adding
six consecutive tetrahedral coordination spheres to the Al atom, and dangling Si-O bonds were
saturated with H atoms with a fixed S-H bond length of 1.47 Å. Figures 6.1 shows the resulting
ONIOM model, represented by a 172T zeolite cluster with clear features of the supercage and
sodalite cages. The ball-and-bond atoms represent the high-level-theory layer, consisting of 63 T
atoms and a cation, which means all the atoms up to the fourth tetrahedral coordination sphere.
The low-level theory layer, also known as the real layer, is displayed with a wireframe, which
includes the fifth and sixth tetrahedral coordination spheres. As will be discussed below, even
though the two layers were treated with different levels of theory, their significance on binding
strengths cannot be overlooked.
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Figure 7.3: (a) A 240T FAU crystal structure obtained from IZA82. Optimized 172T ONIOM
cluster models of (b) HY and (c) CuY. The high-theory QM layer is portrayed by the ball-andbond representation. The low-theory MM layer is shown as wireframe. SII represents Site II.
7.2.2 Theory levels
All DFT calculations were performed with the Gaussian 16 software97, during which the
two-layer ONIOM method was applied. The total ONIOM enthalpy (or total energy) of the system
is given by:
𝑎𝑙𝑙
𝑎𝑐𝑡𝑖𝑣𝑒
𝑎𝑐𝑡𝑖𝑣𝑒
𝐻𝑂𝑁𝐼𝑂𝑀 = 𝐻𝑀𝑀
+ 𝐻𝑄𝑀
− 𝐻𝑀𝑀

Equation 7.1

𝑎𝑙𝑙
where 𝐻𝑀𝑀
is the enthalpy of the entire system, which can be treated with less expensive (MM)
𝑎𝑐𝑡𝑖𝑣𝑒
molecular mechanics level. 𝐻𝑄𝑀
is the enthalpy of the active site, for which a high-level

quantum mechanics (QM) approach is used. For the high level QM layer, the Becke threeparameter exchange functional294 and Lee-Yang Parr correlation functional (B3LYP)96 was used.
The low level MM region was treated by molecular mechanics universal force fields (UFF)295 to
capture vdW forces and electrostatic interactions. The 6-31G(d,p) basis set was used for all atoms
including reactants. Prior to structure optimization, the QM layer including the adsorbates was
allowed to relax, while the MM layer was frozen to preserve the integrity of the zeolite framework.
Vibrational frequencies were calculated and the resulting thermal corrections were applied to
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single-point energy calculation to obtain the binding enthalpies, calculated by the following
equation:
∆𝐻𝑎𝑑𝑠 = 𝐻𝑐𝑜𝑚𝑝𝑙𝑒𝑥 − (𝐻𝑧𝑒𝑜𝑙𝑖𝑡𝑒 + 𝐻𝑠𝑢𝑙𝑓𝑢𝑟 )

Equation 7.2

where 𝐻𝑐𝑜𝑚𝑝𝑙𝑒𝑥 is the total energy of the sulfur adsorbed on the cluster, 𝐻𝑧𝑒𝑜𝑙𝑖𝑡𝑒 is the energy of
the optimized zeolite cluster and 𝐻𝑠𝑢𝑙𝑓𝑢𝑟 is the energy of the free thiophenic molecule.
NBO analysis was performed only on the QM layer using NBO 7.0296 with the same
functional and basis set as the DFT calculations. Second order perturbation theory was used to
estimate the energetic significance between donor-acceptor orbitals. Molecular orbitals with the
highest stabilization energy, E(2) were analyzed more closely to obtain the total charges (or
electron occupancy) on the sulfur adsorbate and zeolite cluster to further explain the adsorption
energies and configurations determined by DFT and adsorption capacities observed in
experiments..

7.3

Rietveld Refinement
Rietveld refinement was performed on x-ray diffraction (XRD) zeolite pattern using the

Generalized Structure Analysis System 2 (GSAS-II) software to determine the location of cations
in the zeolite.84 LeBail fitting was first performed to determine the best possible fir to the data.
Then, the starting atomic coordinates, unit cell size and isotropic parameters of CuY were obtained
elsewhere.72,164 The initial fractional occupancy of each element was obtained by chemical
analysis. The space group was set to Fd3̅m and restraints were imposed on Si-O and Al-O bond
distances, as specified in Section 2.3.2. After parameters such as scale factor, background, unit
cell, atomic position, isotropic factor, peak shape and peak width, a Fourier difference map
calculation was conducted to determine the missing Cu cations.
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7.4

Results

7.4.1 Location of extra-framework Cu cations
Figure 7.2 shows the observed and calculated patterns of CuY, as well their difference. The
resulting residuals are as follow: Rwp = 13.431% and χ2= 2.04, confirming the quality of fit. Table
1 shows the final atomic parameters of fully refined CuY. The metal loading of Cu is consistent
with that determined by chemical analysis, which is approximately 5 wt%. Three Cu positions
were identified: Sites I’ (0.05238, 0.05238, 0.05238), II’ (0.08910, 0.08910, 0.08910) and II
(0.05238, 0.05238, 0.05238), ordered in increasing concentration. It has been shown that Cu
cations are driven to site I’ by heat treatment, but some remain in sites II and II’.266,297,298

Figure 7.2: Observed, calculated and difference profiles and reflection positions of CuY.
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Table 7.1: Atomic parameters from Rietveld refinement of CuY
atom

x

y

z

frac

site

uiso

Si
Al
O1
O2
O3
O4
Cu(II)
Cu(II')
Cu(I')

0.04129
0.04129
0.00000
0.00528
0.06714
0.07824
0.26295
0.08910
0.05238

-0.0026
0.30320
0.90055
0.86540
-0.02612
0.31242
0.26295
0.08910
0.05238

0.06714
0.12579
0.09945
0.00528
0.06714
0.07824
0.26295
0.08910
0.05238

0.6667
0.3333
1.0000
1.0000
1.0000
1.0000
0.1500
0.2380
0.3050

192i
192i
96h
96g
96g
96g
32e
32e
32e

0.00000
0.00000
0.00000
0.00000
0.00000
0.00000
0.00000
0.00000
0.00000

7.4.2 Adsorption energies and configurations of thiophenic compounds on zeolite clusters
Several starting configurations were applied to the thiophenic compounds and the most
energetically-stable optimized adsorption configuration over HY and CuY zeolite clusters are
reported in Tables 7.2 and 7.3, respectively, along with their corresponding adsorption enthalpies.
It is evident from Table 7.2 that the optimized thiophenic molecules have energetically converged
to a position far away from the Brønsted acid site of HY cluster. Regardless of the different starting
configurations, all sulfur compounds could be seen drifting away from the active area towards the
wall of the supercage, eventually conforming to a random orientation. This phenomena suggest
that the interaction between sulfur and the surrounding zeolite framework is more energeticallyfavored via vdW interactions compared with hydrogen bonding with the proton. Table 7.2 also
shows that the adsorption enthalpies of the sulfur compounds on HY increase in the order of T >
BT > DBT > 4,6-DMDBT, which suggests a correlation between the adsorption capability and the
number of benzene rings.
A different adsorption configuration was observed when H was replaced by Cu, as seen in
Table 7.3. For adsorption systems involving the CuY cluster, the optimized geometry shows that
all sulfur compounds exhibit lying configurations on top of the Cu cation. This suggests that the
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adsorption of sulfur on the active site is more energetically-preferred than it is on the surrounding
zeolite well, as seen for HY. As a result, a significant increase in binding strength was observed
for all sulfur compounds. The lying configuration suggests that sulfur adsorbs on Cu via πcomplexation, as suggested by experiments.207 The π-complexation bond has been shown to be
significantly stronger than vdW forces, thus enhancing the adsorption capacity of sulfur on CuY.299
However, the adsorption enthalpies of sulfur on CuY exhibit different trends compared with those
of HY. The adsorption enthalpy increases from TP to BT, but decreases from -151.9 to -142.9
kJ/mol for DBT. The adsorption of 4,6-DMDBT yields a similar ∆Hads as DBT. This slight
decrease in adsorption enthalpy for refractory sulfur compounds could be due to steric hindrance,
whereby imposing orientational restraints that prevent the most favorable adsorption configuration
on Cu. Another reason for this ambiguity is that there could other interactions between Cu and
thiophenic molecules that were not fully captured by our two-layer ONIOM cluster. Nevertheless,
the role of π-complexation on increased adsorption energy is the main takeaway, and therefore was
further studied using NBO analysis.
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Table 7.2: Adsorption configurations and enthalpies of sulfur compounds on HY cluster.
Side View

Top View

∆Hads (kJ/mol)

Cluster

Sulfur

HY

TP

-50.8

BT

-64.1

DBT

-79.3

4,6-DMDBT

-91.1
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Table 7.3: Adsorption configurations and enthalpies of sulfur compounds on CuY cluster.
Side View

Top View

∆Hads (kJ/mol)

Cluster

Sulfur

CuY

TP

-139.9

BT

-151.9

DBT

-142.9

4,6-DMDBT

-142.7
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Table 7.4: Adsorption configurations and enthalpies of aromatics on CuY and HY clusters.
Sulfur

HY

Benzene

-55.7

Naphthalene

-65.2

Benzene

-124.7

Naphthalene

-142.6

CuY

Side View

Top View

∆Hads (kJ/mol)

Cluster
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To compare the selectivity of sulfur with aromatics commonly found in transportation
fuels, enthalpy calculations were also performed on the adsorptions of benzene and naphthalene
on HY and CuY. Table 7.4 shows that benzene and naphthalene adsorb on HY via similar
configurations as those by the sulfur compounds, during which the aromatic compounds prefer to
interact directly with the wall of the zeolite supercage rather than the Brønsted acid site. The
corresponding adsorption enthalpies are -55.7 kJ/mol and -65.2 kJ/mol, respectively, which are
similar, if not slightly higher than those of TP and BT. This suggests that the HY is not very
selective for sulfur compounds in the presence of aromatics, which explains the loss in adsorption
capacity on HY in our experimental work.63 Table 7.4 also shows the optimized structure of
aromatic-CuY complexes and the corresponding adsorption enthalpies. On CuY, the adsorption
enthalpies suggest strong binding of aromatics on CuY than on HY. This observation is similar to
the adsorption of sulfur compounds as the coordination with the Cu cation is more energeticallyfavored compared with the proton or the zeolite framework in HY. Moreover, the enthalpies of the
corresponding aromatics are less than that of sulfur compounds, suggesting that Cu plays a better
role in selective adsorption of sulfur in transportation fuels compared with HY.
7.4.3 NBO analysis
NBO analysis was carried out on the high-theory QM layer after optimization and
frequency calculations by DFT. Table 7.5 shows only molecular orbitals of the TP-CuY, BT-CuY,
DBT-CuY and 4,6-DMDBT-CuY complexes with relatively high E(2) values, and the
corresponding donor NBOs and accepter NBOs using the localized Lewis structure representation
(e.g. one-center nonbonding electron pairs and two-center bonding electron pairs). For clarity, only
the sulfur adsorbate and Cu are shown to prevent convolution of atoms. In the TP-CuY system,
interactions involving C251 and C252 atoms are most significant, especially for LP(Cu250) →
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π*(C251-C252) with an E(2) value of 53.86 kcal/mol. This suggests that a substantial amount of
electron is transferred from the valence d orbitals of Cu+ (1s22s22p63s23p63d10) to the antibonding
p* orbitals of TP. Reversely, a significant amount of electron transfer with an E(2) of 48.86
kcal/mol is detected for π(C251-C252) → LP*(Cu250), which suggests a σ-donation of electrons
from the p orbitals of TP to the empty 4s orbital of Cu+. Other interactions with relatively intense
energy are also displayed, including various C=C interactions, which are attributed to the
delocalization of the conjugated ring of TP. The BT-CuY complex shows a similar trend to that of
TP-CuY in terms of energetic importance. The highest E(2) value was displayed by LP(Cu250) →
π*(C257-C258), suggesting a backdonation of electrons from the d orbitals of Cu+ to the p*
orbitals of TP, in particular the C257-C258 double bonds. This makes sense as the cartoon in Table
6.4 shows that Cu250 interacts strongly with C257-C258. For the complexes of DBT-CuY and
4,6-DMDBT-CuY, the optimized configuration shows that the adsorption occurs via the benzene
ring, rather than the thiophenic ring. Nevertheless, the interaction between Cu and the closest C=C
bonds exhibit the highest E(2). For the sake of brevity, only interactions higher than 5 kcal/mol
are reported for these large molecules.
Energetic contributions between the molecular orbitals of aromatics and CuY were also
examined and results are shown in Table 7.6. The highest E(2) value is approximately 25 kcal/mol,
which is lower than those of sulfur-metal complexes. Similar to the previous study with sulfur
compounds, the highest E(2) values are observed on Cu and the closest C=C bonds, confirming a
strong interaction between the two groups via π-complexation. Additionally, interactions of C=C
bonds within the benzene rings also yielded relatively high E(2) values, suggesting delocalization
of electron density within the π orbitals of the aromatic ring.
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Table 7.5: Second-order perturbation theory analysis of various sulfur-metal complexes.
Complex
TP-CuY

BT-CuY

DBT-CuY

4,6-DMDBT-CuY

Donor NBO
LP(Cu250)
π(C251-C252)
LP(S255)
π(C251-C252)
π(C253-C254)
LP(S255)
LP(S255)
π*(C251-C252)
LP(Cu250)
π(C257-C258)
π(C257-S265)
LP(S265)
π(C251-S265)
π(C251-S265)
π(C251-S265)
π(C257-S268)
π*(C251-C265)
σ(Cu250-C264)
π(C261-S271)
π(C261-S271)
π(C261-S271)
π(C264-C265)
LP(C254)
LP(C265)
LP(266)
σ*(Cu250-C264)
LP(Cu250)
LP(Cu250)
π(C254-C255)
π(C255-C256)
π(C255-C256)
LP(C255)
LP(C256)
π(C252-C253)
π(C254-C255)
π(C260-S269)
π(C260-S269)
π(C260-S269)
LP(C254)
LP(C264)
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Acceptor NBO E(2) (kcal/mol)
π*(C251-C252)
53.86
LP*(Cu250)
48.86
LP*(Cu250)
10.68
π*(C253-C254)
9.18
π*(C251-C252)
15.25
π*(C251-C252)
19.38
π*(C253-C254)
21.25
π*(C253-C254)
31.84
π*(C257-C258)
54.71
LP*(Cu250)
50.96
LP*(Cu250)
5.78
LP*(Cu250)
10.51
LP(C252)
8.97
LP(C256)
7.94
π*(C257-C258)
12.50
LP(C252)
14.66
π*(C257-C258)
11.35
LP*(Cu250)
11.35
LP(C254)
25.39
LP*(C262)
8.37
LP(C266)
9.41
LP*(Cu250)
7.46
π*(C261-S271)
30.3
LP*(Cu250)
28.42
LP*(C256)
12.80
LP*(Cu250)
30.14
LP(C255)
36.58
LP(C256)
38.72
LP*(Cu250)
5.01
LP*(Cu250)
6.68
LP*(Cu250)
6.16
LP*(Cu250)
11.59
LP*(Cu250)
20.99
π*(C254-S269)
5.00
π*(C253-C254)
5.00
LP(C254)
28.92
LP*(C261)
7.41
LP(C265)
8.29
π*(C260-S269)
16.70
π*(C260-S269)
5.77

Table 7.6: Second-order perturbation theory analysis of various aromatics-metal complexes.
Complex
Benzene-CuY

Naphthalene-CuY

Donor NBO
Acceptor NBO E(2) (kcal/mol)
π(Cu250-C252)
LP*(C251)
10.67
π(C252-C253)
LP*(Cu250)
6.77
π(C251-C252) π*(Cu250-C252)
7.50
LP(C253)
LP*(Cu250)
25.73
π*(Cu250-C252) LP*(Cu250)
27.05

π(C250-C264)
LP(Cu265)
π(C254-C261)
LP*(Cu250)
π(C261-C264)
LP*(Cu250)
π(C261-C264) π*(Cu250-C264)
π(Cu250-C264)
LP*(Cu250)

10.09
7.16
8.48
6.89
25.93

The most important donor-acceptor interactions with relatively high E(2) values were
further investigated for electron occupancies and charge transfer from population analysis of
natural atomic orbital (NAO). Table 7.7 shows the electron occupancy of the Cu cation and the
C=C bonds of various sulfur compounds with which it is interacting. In this study, we report only
electron occupancies of the Cu outer-shell orbitals to represent the electron transfer to and from
the bound C=C bonds. Table 7.7 shows that the change in occupancy (∆Oc) of the 4s orbital of Cu
increases upon adsorption, while a loss of electron occupancy was observed in the 3d orbitals. It
should be noted that the 3d orbitals consists of 3dxy, 3dxz, 3dyz, 3dxy, 3dx2y2, and 3dz2 atomic orbitals,
and the total electron occupancy, ∑3d is reported in Table 7.7. As suggested by the second-order
perturbation theory, a strong overlap between the valence orbitals or Cu and C=C bond of TP
allows for σ-donation from the π-bonds to the empty 4s orbital of Cu+, and a simultaneous
backdonation of electrons from the 4d orbitals of Cu+ to the antibonding π*-bonds of the sulfur
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adsorbate. The sum of occupancies in both orbitals is negative, which indicates a higher
contribution by the electron backdonation from Cu+ to the sulfur ring. The two-way electron
transfer between Cu and TP confirms that the sulfur compound adsorbs on the adsorption site via
π-complexation. For BT-CuY complex, the change in occupancy in both 4s and 3d orbitals of Cu
increases, which is consistent with the increase in the energetic significance in Table 7.5 and the
adsorption energies in Table 7.3. This has also been shown experimentally, where larger sulfur
compounds bind more strongly on π-adsorbents.300 Contrary to BT-CuY, the adsorption of DBT
on CuY showed that the change in occupancy in the 4s orbital is no longer positive, indicating a
loss of electron density. The cartoon on the left in Table 7.7 also shows that the C=C bond of the
benzene ring is bound to Cu, instead of one of the two C=C bonds attached to the S atom. One
possible explanation to this unexpected trend is that the π-bonds of the benzene ring may be
causing a redistribution of electrons on the outer-shell orbitals of Cu.162,286 This may also explain
the slight decrease in adsorption enthalpy of DBT on CuY. Nonetheless, the negative net change
in electron occupancy suggests that the backdonation of electrons from Cu to the antibonding π*
orbitals of DBT contributes significantly to the adsorption strength of the complex. The 4,6DMDBT-CuY also shows a negative change in electron occupancy in the 4s orbital of Cu. The
sulfur compound is seen to adsorb on Cu via one of its benzene rings, similar to the adsorption of
DBT. However, the increasing change in occupancy of the 3d orbitals suggests that once again,
the benzene rings have an effect on the electron transfer between Cu and 4,6-DMDBT. Moreover,
the effect of methyl groups on the adsorption interaction must be considered and will be discussed
in the following section.
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Table 7.7: Valence electron density occupancies of Cu and C=C bonds of sulfur compounds.

Valence NAO occupancy
Atom Orbital ∆Oc
Cu250 4s
0.0039
Ʃ3d -0.1715

Complex
TP-CuY

BT-CuY

Cu250

4s
Ʃ3d

0.0060
-0.1820

DBT-CuY

Cu250

4s
Ʃ3d

-0.0087
-0.1398

4,6-DMDBT-CuY

Cu250

4s
Ʃ3d

-0.0374
-0.0929
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7.5

Discussion
Because of the advancement in quantum mechanical methodologies and supercomputers,

theoretical researchers have the capability and resources to run DFT calculations on bigger and
more sophisticated systems such as the zeolite. In this study, a two-layer ONIOM cluster was built
to simulate the adsorption site of an ion-exchanged Y zeolite, located at site II. Although sites I’
and II’ have shown to occupy more cations, they are inaccessible for sulfur compounds. The
resulting model is a 172T zeolite cluster divided into two layers with different theoretical
treatment, also known as the QM/MM method. The well-known B3LYP functional was used to
represent the effects of exchange and correlation as it is computationally less expensive to run and
is reliable for most interactions involving covalent bonds.285 The 6-31G(d,p) basis set was used to
describe the sulfur and zeolite atoms. The DFT results show that sulfur adsorbs differently on HY
and CuY as indicated in Table 7.2 and 7.3. Contrary to the general consensus that Brønsted acid
sites contribute to the adsorption of thiophenic molecules142,154,301, the sulfur compounds are most
stable when interacting with the zeolite framework of the supercage via vdW interactions. An
increasing trend in adsorption energy is realized in the order of TP < BT < DBT < 4,6-DMDBT
on HY. As the sulfur compounds get larger, a bigger surface of atoms is interacting with the zeolite
framework, leading to more vdW forces and stronger binding. Meanwhile, the same adsorption
mode was observed for all sulfur compounds adsorbed on CuY, which is via the π-stacking of the
molecule. Table 7.3 shows that the sulfur compounds adsorbed in a lying configuration, slightly
tilted above the Cu cation. This is consistent with the results obtained by others.285,287 This is also
similar to the adsorption mode of aromatics on CuY as shown in Table 7.4. However, TP or BT
with similar ring size as benzene and naphthalene, respectively, exhibited slightly higher binding
energies than the aromatics, suggesting that sulfur compounds are adsorbed more selectively on
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Cu. It is also apparent that the adsorption enthalpies do not correlate with the size of sulfur
compounds adsorbed on CuY. Even though the adsorption of BT showed a higher adsorption
energy than that of TP, the values decreased for DBT and 4,6-DMDBT. This is not surprising as
Yang et al. have reported that the adsorption energy stopped following the increasing trend at
DBT.285 They attributed this steric hindrance of benzene rings and methyl groups on refractory
sulfur compounds such as DBT and 4,6-DMDBT, which consequently decreases the adsorption
enthalpy. Our group has shown experimentally that steric effects could be overcome by
introducing mesoporosity, which not only grants large sulfur compounds exclusive access to the
internal active sites, but also the freedom to find the most favorable adsorption configuration. The
idea of incorporating pore effects in DFT calculations is an interesting topic and will be one of the
objectives of our future work.
NBO analysis is a powerful tool to scientifically explain the adsorption mechanism of
sorbent-sorbate systems by analyzing localized electronic contributions (instead of the delocalized
molecular orbital analysis) of natural bond orbital. The energetic importance is determined by the
second order perturbation theory, which examines all possible interactions between Lewis-type
(filled) NBOs and non-Lewis (unfilled) NBOs. Only systems involving CuY were investigated
with NBO to fundamentally understand the nature of π-type adsorption. Afterall, the optimized
adsorption configuration on HY was very random and is very sensitive to a number of parameters
such as initial states of sulfur compound, theory level, basis set and type of metal cation. Table 7.7
gives a summary of the NBO analysis including the most active overlapping orbitals depicted in
the cartoons and the corresponding electron occupancy in the valence orbitals of Cu. These
information should help us map the electron transfer between the participating orbitals and
consequently draw conclusions about the type of interactions involved. For example, the overall
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change in occupancy in 4s and 3d orbitals of Cu upon TP or BT adsorption shows a back-and-forth
interaction, as a result of the forward σ-donation from the π-bond of the sulfur compound to the
empty 4s orbital of Cu, and the simultaneous backdonation of electron density from the filled 3d
orbitals of Cu to the antibonding π* orbitals of the adsorbate. Only the valence orbitals of Cu are
shown as there are too many donor-acceptor NBO interactions within the conjugated C=C π-bonds
as suggested in Table 7.5. Besides, electron redistribution and delocalization in the thiophenic
and/or benzene rings have shown to influence the electron occupancies in valence orbitals, thus
deeming the analysis of electron transfer challenging.302,303 A correlation can be drawn between
the increasing change in electron occupancy and the increasing E(2) values of LP → π*
interactions from the second order perturbation analysis for TP and BT. However, the trend stops
with DBT and 4,6-DMDBT, additional benzene rings and methyl groups of which play an
important role on the electron delocalization between the adsorbates and Cu. Other groups have
reported that while larger sulfur compounds are theoretically expected to bind more strongly due
to stronger vdW forces and larger electron density on the S atom as seen for HY systems, a
common trade-off is steric hindrance.286,300,304 Therefore, we propose two possible solutions for
future work: 1) the introduction of mesoporosity in the ONIOM model to better represent
mesoporous Y zeolites used in experiments; and 2) the use of more powerful theory, including
effective core potential for Cu and larger basis set to fully capture vdW interactions. The inhibiting
effect of other heterocyclic compounds such as nitrogen-containing compounds should also be
investigated using our ONIOM model as both experiments and DFT have shown that nitrogen is
more strongly adsorbed than sulfur on π-type such as CuY.18,305,306 Recently, we built ONIOM
clusters of CeY and CuCeY, which have shown to adsorb sulfur more selectively especially in the
presence of aromatics.63,253 The results of these calculations will be discussed in the future.
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7.6

Conclusions
A two-layer ONIOM cluster was used to study the adsorption mechanisms and energies of

TP, BT, DBT and 4,6-DMDBT from transportation fuels on HY and CuY. The adsorption of sulfur
on HY takes place far away from the adsorption site, close to the skeletal structure of the zeolite
supercage mainly via vdW interactions. When compared with aromatics, sulfur compounds were
adsorbed less strongly on HY, indicating that HY is a poor sorbent for desulfurization. A
substantial increase in binding energy was observed for all sulfur compounds adsorbed on CuY.
Moreover, the adsorption strength was stronger than those of aromatics, suggesting better
selectivity of sulfur. Second order perturbation theory and NBO analysis indicate a significant
amount of electron transfer between the outer-shell orbitals of Cu and sulfur, specifically the C=C
bond. The semi-tilted lying configuration of sulfur compounds on top of Cu allows the NBO
orbitals of two component to overlap, consequently causing the delocalization and sharing of
electrons between the two moieties. These key features confirm that the interaction between Cu
and sulfur is via π-complexation, agreeing with the relatively high adsorption enthalpies and
remarkable adsorption capacity of CuY. Steric hindrance due to benzene rings and alkyl groups
have shown to slightly suppress the adsorption strength of DBT and 4,6-DMDBT on CuY.
Nonetheless, the adsorption energies agree well with the stabilization energies and change in
occupancy, which confirms that NBO is very useful for fundamental studies of adsorption and
catalysis. Our future objective is to use these advanced theoretical tools to screen other types of
transition metals and lanthanides for the development of highly selective sulfur adsorbents.
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Chapter 8
CONCLUSIONS
The ultimate goal of this thesis was to develop an environmental-friendly and cost-effective
deep desulfurization alternative for sulfur removal from transportation fuels, to meet stringent
sulfur standards regulated by the EPA. From this PhD work, adsorptive desulfurization (ADS)
using metal-exchanged mesoporous Y zeolites has shown promise as a potential standalone or
complementary deep desulfurization technology to conventional HDS. Chapter 4 focused on the
use of novel and systematic techniques to introduce well-ordered mesoporosity and active metals
to enhance the sulfur capacity and selectivity. The desulfurization performance of thiophene (TP)
and benzothiophene (BT) was improved by the addition of Cu and Ce due strong interactions of
π-complexation and direct S-M σ-bonding, respectively. For refractory sulfur compounds such as
dibenzothiophere (DBT), access to the internal active site is limited by the relatively large kinetic
diameter. Diffusion limitation of DBT was overcome by the introduction of mesoporosity, which
shortens the diffusion length to the active sites, and consequently increasing the sulfur capacity.
Adsorption strength was investigated using isosteric heat of adsorption calculations, which showed
a correlation with the breakthrough curves determined from the adsorption experiment.
Commercial fuels such as gasoline and diesel contain a considerable amount of aromatic
hydrocarbons, which were not considered in the previously. Chapter 5 investigated the effect of
aromatics on the selectivity of previously studied sulfur compounds. Benzene, commonly found
in gasoline, or naphthalene, in diesel, was added to the model fuel containing BT or DBT,
respectively. Adsorption experiments were carried out to determine the ability of each zeolite to
desulfurize the aforementioned sulfur compounds in the presence of aromatics. It was shown that
bimetallic (CuCe) Y zeolites were very effective due to the synergistic effects of Cu and Ce. The
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adsorption mechanisms of sulfur on these metals were further studied, at the molecular level, using
DRIFTS-FTIR under vacuum conditions. From the shifts in IR bands upon adsorption, it was
observed that sulfur adsorbs on Cu and Ce via π-complexation. The blue shifts in CeY and CuCeY
indicated that sulfur also adsorbs on Ce through the direct S-M σ-bond, consistent with the results
from Chapter 4. Finally, TPR-IR results showed that very high temperature was required to desorb
sulfur from CuCeY and to regenerate the zeolite, suggesting the synergistic advantage of bimetals
on selective sulfur adsorption.
Despite the promising breakthrough of ADS technology, numerous efforts have still been
made to further advance conventional HDS. To date, HDS is adequate for removing various types
and sizes of sulfur compounds in commercial fuels, except alkyl-DBTs. The presence of alkyl
groups causes steric hindrance, consequently leading to low HYD and DDS activities. Chapter 6
aimed to further advance bimetallic mesoporous Y zeolites for the adsorptive removal of 4,6DMDBT in the presence of naphthalene. This study revealed that metal composition and
configuration can be controlled to obtain the most optimum sorbent for sulfur removal. As a result,
2%Cu10%CeSAY displayed the highest 4,6-DMDBT capacity with promising regeneration
capabilities. This proved that the synergy between two different metals plays an important on the
increase of sulfur selectivity and capacity of a sorbent, and therefore should be investigated at the
theoretical level.
Finally, Chapter 7 explored the use of high-level computing and theory from first principles
to fundamentally explain the adsorption mechanism and binding energy of sulfur on modified
zeolites. Using the cationic position determined by Rietveld refinement, a two-layer ONIOM
model was used to represent the complex structure of a Y zeolite, wherein the active adsorption
site was treated with expensive high-level theory, while the surrounding skeletal framework was
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modeled by a low-level semi-empirical method. The resulting cluster was subjected to a QM/MM
DFT calculation, from which optimized adsorption configurations and binding enthalpies were
obtained. Next, NBO analysis was used to demonstrate electron transfer between the most
energetically-significant natural bond orbitals of the sorbent-sorbate complex. It was found that
the electron occupancy or charge transfer is highly correlated to the binding energy, which is also
an accurate descriptor of the sulfur adsorption capacity from fixed-bed adsorption experiments.
This suggests that DFT is a very effective computational tool to screen for other active metals with
high sulfur capacity and selectivity, and shed light on the corresponding adsorptive pathway.
While ADS using modified zeolites has shown to be extremely effective in providing the
world with clean energy, there is still additional work that must be done before it can be considered
commercially-viable. As discussed in this thesis, commercial fuels also contain aromatics and
more importantly, nitrogen- and oxygen- containing compounds that are strong inhibitors of ADS.
Selective removal of refractory sulfur compound is still the biggest challenge in ultra-deep
desulfurization of transportation fuels, even in HDS. Therefore, it is up to future researchers and
scientists to develop new sorbents that not only removes sulfur selectively, but also maintains the
quality of the fuel. The combination of experimental data and computational calculations is
essential to bridge the gap between fundamental studies and real-world applications. On a last note,
fossil fuels will continue to dominate the energy world, especially in the transportation sector,
increasing the demand for clean energy. This demand may not be met by a single desulfurization
process, but a combination of two or more may just be the solution of the future. Future work
should include studies of other metal combinations and technologies, while simultaneously
addressing the diffusion, capacity and techno-economical aspects of the sorbent.
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ADDENDUM
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Breakthrough curves of benzothiophene in a mixture of 80% n-octane and 20% benzene over (a)
CuY, (b) CeY and (c) CuCeY.
The figures above show the reproducibility of the breakthrough curves, each ran by two
separate individuals. The colored data points (Run 1) represent breakthrough curves ran by me,
while the black data points (Run 2) correspond to experiments performed by my labmate, Tyler
Crowl. It should be noted that each experiment may take up to two full days, depending on the
capacity of the sorbent, making it challenging to run multiple experiments for reproducibility
purposes. Nonetheless, the figures above show similar results between two separate experiments.
Because the experiments were ran on two separate occasions with different volumetric intervals
and sorbent weight, the normalized volume of effluent is different for the two runs. In the future,
same data points on the x-axis should be utilized to enable the calculation of standard deviation.
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